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1. Introduction 
 
Where does chirality come from? The word ´chirality´ comes from the Greek word ´Χειρ´ 
meaning ´hand´. The concept is aptly named as two enantiomers are mirror images of each other, 
like our right and left hands. In nature, 21 of the 22 proteinogenic amino acids (the exception, 
glycine, is achiral) in proteins are ´left handed´, whereas all the sugars in DNA and RNA are ´right 
handed´. This phenomenon is called homochirality and a satisfying explanation for it´s origin, nor 
for the origin of chirality in general, has not been found yet but there are many interesting studies 
and postulations. For example in the Murchison meteorite that landed in Australia in 1969, the 
fragments analyzed were found to contain amino acids, some of which were present in an 
enantiomeric excess – which would indicate that the origin of chirality could be extraterrestrial.1 On 
the other hand, this does not explain how chirality came to exist on this meteorite. Among other 
postulations are stochastic processes coupled with autocatalytic effects,2 circularly polarized 
ultraviolet light in cosmos, spontaneous breaking of symmetry in crystallizations,3 magnetic fields4 
or simply by chance.5 Whatever the source is, there is no question that chirality has a great impact 
on our everyday lives. For example we use pharmaceuticals, the active component of which is often 
a chiral compound. When one looks at a pharmaceutical molecule possessing only a single 
stereogenic centre, the two enantiomers can have very different effects. For example as shown in 
Figure 1, 1 and 2 are the enantiomers of thalidomide. One enantiomer is effective against morning 
sickness, whereas the other one is teratogenic, and causes birth defects.6,7  
 
 
 
 
                                                
1
 M. H. Engel, B. Nagy Nature 1982, 296, 837. 
2
  H. B. Kagan, T. O. Luukas Non-Linear Effects and Autocatalysis in: Comprehensive Asymmetric Catalysis (Ed. E. N. 
Jacobsen, A. Pfaltz, H. Yamamoto), Springer: Berlin 1999. b) H. B. Kagan, D. R. Fenwick Topics in Stereochemistry 
1999, 22, 257. c) C. Bolm, F. Bienewald, A. Seger Angew. Chem. 1996, 108, 1767; Angew. Chem. Int. Ed. 1996, 35, 
1657. d) C. Bolm Tetrahedron: Asymmetry 1991, 2, 701. 
3
  a) D. P. Kondepudi, J. Laudadio, K. Asakura J. Am. Chem. Soc. 1999, 121, 1448. b) D. P. Kondepudi, J. Kaufman, N. 
Singh Science 1990, 250, 975.  
4
 a) J. Lie, G. B. Schuster, K.-S. Cheon, M. M. Grenn, J. V. Selinger J. Am. Chem. Soc. 2000, 122, 1603. b) G. L. J. A. 
Rikken, E. Raupach Nature 2000, 405, 932. c) T. Shibata, J. Yamamoto, N. Matsumoto, S. Yonekubo, S. Osanai, K. 
Soai J. Am. Chem. Soc. 1998, 120, 12157. 
5
 a) S. F. Mason Nature 1984, 311, 19. b) W. A. Bonner Top. Stereochem. 1988, 18, 1. c) L. E. Orgel Nature 1992, 358, 
203. d) V. Avetisov, V. Goldanskii Proc. Natl. Acad. Sci. U.S.A. 1996, 93, 11435. e) B. L. Feringa, R. A. van Delden 
Angew. Chem. 1999, 111, 3624; Angew. Chem., Int. Ed. 1999, 38, 3418. f) M. Avalos, R. Babiano, P. Cintas, J. L. 
Jimenez, J. C. Palacios Chem. Commun. 2000, 887. g) N. Paul, G. P. Joyce Proc. Natl. Acad. Sci. U.S.A. 2002, 99, 
12733. 
6
 S. Tseng, G. Pak, K. Washenik J. Am. Acad. Dermatol. 1996, 35, 969. 
7
 It has to be mentioned, though, that in the case of thalidomide, the enantiomers interconvert in vivo.  
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Therefore, the demand for optically pure chiral molecules has increased noticeably in the last 
decades and this, in turn, has spurred the development of new techniques and methods for 
enantioselective synthesis. 
The first resolution of enantiomers, those of tartaric acid, was carried out by Louis Pasteur using 
microscope and tweezers in 1848.8 The technique is laborious and requires that the two 
enantiomeric crystals are clearly distinguishable. Pasteur was fortunate to choose one of the few 
substances that self-resolve in crystalline form.9  
Nowadays, many more techniques are available, and there are basically three approaches towards 
enantiopure compounds. The first of these methods is to synthesize the desired compound as a 
racemate. Then the enantiomers are separated,10 by chiral stationary phase HPLC or by the classical 
means of converting the enantiomers into diastereomers, which, having different physical 
properties, can be separated, for example by crystallization. Both ways require large amounts of 
solvents, and although HPLC-separation is becoming more and more popular it is still difficult to 
apply it on a large scale. In both cases, the maximum yield of one enantiomer is 50%, which in turn 
is a hindrance if the other one is unwanted. 
A second method is to utilize the so called ´chiral pool´ in synthesis.11 There are many 
compounds that are available in nature in large amounts, and therefore are commercially available 
for relatively low prices. Examples of these compounds include amino acids, alkaloids, 
carbohydrates, terpenes and some hydroxyacids. These can be used as building blocks for more 
complex compounds. The disadvantage in this approach is that commonly in nature only one 
enantiomer is available in large quantities – for instance the naturally occurring amino acids are all 
levorotatory. That L-amino acids are so readily available is reflected for example in the price of 
                                                
8
  a) L. Pasteur Ann. Chim. Phys. 1848, 24, 442. b) L. Pasteur Compt. Rend. 1849, 28, 477; 29, 297. c) L. Pasteur C. R. 
Acad. Sci. 1853, 37, 162. 
9
 It was also fortunate that the laboratories in the 19th century were poorly heated, as this compound has the property 
only below 23 °C. 
10
  J. Jacques, A. Collet, S. H. Willen in: Enantiomers, Racemates and Resolutions, Wiley Interscience, New York, 
1981. 
11
  a) H.-U. Blaser Chem. Rev. 1992, 92, 935. b) D. Seebach, H.-O. Kalinowski Nachr. Chem. Tech. Lab. 1976, 24, 414. 
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Figure 1. (R)- and (S)-thalidomide.
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proline: enantiopure L-proline costs ~7 e / 1 g, whereas enantiopure D-proline costs ~24 e / 1 g 
(Figure 2).12  
 
 
 
 
 
 
The third approach is maybe the most elegant one, namely enantioselective synthesis, where only 
one desired enantiomer of the target compound is synthesized. There are two ways towards this: 
auxiliary-directed synthesis and enantioselective catalysis.13 Utilizing a chiral auxiliary means that a 
chiral compound – normally chosen or derived from the ´chiral pool´ – is covalently bound to the 
starting material. This ´guides´ the construction of a stereocenter towards one desired enantiomer. 
The chiral auxiliary will later be cleaved from the compound and – if possible – recycled. The 
disadvantages are, of course, the extra reaction steps required as well as the necessity of using a  
stoichiometric amount of the auxiliary.  
In enantioselective catalysis a reaction is catalyzed either by enzymes, metals bearing chiral 
ligands or by small, chiral, organic molecules (asymmetric organocatalysis). The strategy is 
advantageous, as it provides not only the benefits of normal catalysis (substoichiometric amounts of 
catalyst accelerate a reaction and the catalyst is recovered at the end) but in addition, the reaction is 
performed stereoselectively. The transition-metal catalysis is very effective, but disadvantages are 
the high price of metal catalysts, and the highly toxic nature of some organometallic compounds. 
Enzymes are, on one hand very efficient and selective catalysts, but on the other hand suffer from 
limited substrate scope and require strictly controlled reaction conditions in order to function. In 
organocatalysis, chemical reactions are catalyzed by substoichiometric amounts of metal-free, small 
organic molecules and there are quite a few practical advantages. The potentially toxic, difficult to 
handle and expensive metals can be replaced by small chiral organic molecules, often derived from 
the ´chiral pool´. The reactions generally tolerate aerobic conditions and do not always require 
anhydrous solvents. Usually both enantiomers of the catalyst are available or are accessible via 
some chemical modifications. Furthermore, they can be anchored to a solid support and therefore 
easily recovered after the reaction for reuse, usually with no loss in activity nor selectivity. As 
disadvantages the high catalyst loadings (often 20-30 mol %) and quite long reaction times (up to 
days) are seen. Therefore, although organocatalysis has a lot of potential and is a major focus in 
                                                
12
 Acros Catalogue, 2005. 
Figure 2. D- and L-proline.
NH NH
COOH COOH
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scientific research at the moment, it has not replaced transition-metal catalysis and the both 
approaches complement each other.    
 
1.1 Organocatalysis 
 
Although organic molecules have been used as catalysts since the early days of chemistry, their 
full potential in enantioselective organic catalysis has been realized only in the last years.14 The first 
studies on organic catalysis were performed by Bredig and Fajans as early as 1908 on the catalytic 
effect of optically active alkaloids.15 After this the field lay largely dormant, until Pracejus reported 
in 1960 the enantioselective addition of MeOH to phenyl methyl ketene, catalyzed by cinchona 
alkaloid derivatives. 16 He was able to reach an enantiomeric excess (ee) of 74%. The first results 
with an ee of over 90% were obtained independently in the early 1970s by Hajos and Parrish,17 as 
well as Eder, Sauer and Wiechert.18 The two groups discovered, that a Robinson type annulation of 
achiral trione 5 could be run in an enantioselective fashion by adding a catalytic amount of D- or L-
proline to the reaction mixture (Scheme 1). 
 
 
 
 
 
 
 
 
 Even though this intramolecular reaction proceeds with quantitative yields and high ees (for a 
product that is an important building block for total synthesis),19 it did not attract a lot of interest 
                                                                                                                                                              
13
  A. M. Rouhi Chem. Eng. News 2003, 81, 45. 
14
 For some reviews see: a) P. I. Dalko, L. Moisan Angew. Chem. 2001, 113, 3840; Angew. Chem. Int. Ed. 2001, 40, 
3726. b) P. I. Dalko, L. Moisan Angew. Chem. 2004, 116, 5248; Angew. Chem. Int. Ed. 2004, 43, 5138.  c) A. 
Berkessel, H. Gröger Asymmetric Organocatalysis, VCH, Weinheim, 2004. d) J. Seayad, B. List Org. Biomol. Chem. 
2005, 3, 719. e) T. Akiyama, J. Itoh, K. Fuchibe Adv. Synth. Cat. 2006, 348, 999. f) M. Benaglia, A. Puglisi, F. Cozzi 
Chem. Rev. 2003, 103, 3401. g) “Special issue”: Asymmetric Organocatalysis Acc. Chem. Res. 2004, 37, 487. h) 
“Special issue”: Organic Catalysis Adv. Synth. Catal. 2004, 346, 1007. 
15
 First example of organocatalytic kinetic resolution of racemates: a) G. Bredig, K. Fajans Ber. Dtsch. Chem. 
Ges.1908, 41, 752. b) K. Fajans Z. Phys. Chem. 1910, 73, 25. c) First organocatalytic asymmetric synthesis: G. Bredig, 
P. S. Fiske Biochem. Z. 1912, 46, 7. 
16
 H. Pracejus Justus Liebigs Ann. Chem. 1960, 634, 9. 
17
  Z. G. Hajos, D. R. Parrish J. Org. Chem. 1974, 39, 1615.  
18
 U. Eder, G. Sauer, R. Wiechert Angew. Chem. 1971, 83, 492; Angew. Chem. Int. Ed.  1971, 10, 496. 
19
 Examples: S. J. Danishefsky, J. J. Masters, W. B. Young, J. T. Link, L. B. Snyder, T. V. Magee, D. K. Jung, R. C. A. 
Isaacs, W. G. Bornmann, C. A. Alaimo, C. A. Coburn, M. J. Di Grandi J. Am. Chem. Soc. 1996, 188, 2843. 
Scheme 1. The Hajos-Parrish-Eder-Sauer-Wiechert-reaction.
O
O
O O
O
O
O OH
H+DMF, 20 h, rt
L-proline (3 mol %)
100% yield
  93% ee
5 76
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until as late as 2000, when reaction scope was extended to intermolecular aldol reactions (Scheme 
2). An intermolecular aldol reaction was developed by Barbas and List, reaching outstanding ees of 
up to 96%.20 They were followed by other groups,21 and for example MacMillan further expanded 
the scope to α-unbranched aldehydes.22 Since then, interest in this area of research has intensified, 
and intermolecular aldol reactions can, nowadays, be performed in high yields and enantiomeric 
excesses.  
 
 
 
 
 
 
Soon thereafter, it was found that proline can also catalyze the 3-component aldol reaction to 
imines (Mannich-reaction), reaching moderate to high yields and high enantioselectivities (Scheme 
3).23  
 
 
 
 
 
 
 
 
The Mannich-reaction offers a useful access to enantiomerically enriched β-amino carbonyl 
compounds in a one-pot reaction, and at least this development awakened the interest of the 
                                                
20
 a) B. List, R. A. Lerner, C. F. Barbas III J. Am. Chem. Soc. 2000, 122, 2395. b) W. Notz, B. List J. Am. Chem. Soc. 
2000, 122, 7386. c) B. List, P. Pojarliev, C. Castello Org. Lett. 2001, 3 573. 
21
 a) A. B. Northrup, D. W. C. MacMillan J. Am. Chem. Soc. 2002, 124, 6798. b) A. Bøgevig, N. Kumaragurubaran, K. 
A. Jørgensen Chem .Commun. 2002, 620. c) N. S.Chowdari, D. B.Ramachary, A.Córdova, C. F.Barbas III Tetrahedron 
Lett. 2002, 43, 9591. d) A. Córdova, W. Notz, C. F. Barbas III J. Org. Chem. 2002, 67, 301. e) A. Córdova, W. Notz, C. 
F. Barbas III Chem. Commun. 2002, 3024. f) Y. Sekiguchi, A. Sasaoka, A. Shimomoto, S. Fujioka, H. Kotsuki Synlett 
2003 1655. g) A. Bøgevig, T. B. Poulsen, W. Zhuang, K. A. Jørgensen Synlett 2003 1915.  
22
 A. B. Northrup, D. W. C. MacMillan J. Am. Chem. Soc. 2002, 124, 6798.  
23
 a) B. List J. Am. Chem. Soc. 2000, 122, 9336. b) B. List, P. Pojarliev, W. T. Biller, H. J. Martin J. Am. Chem. Soc. 
2002, 124, 827. c) A. Córdova Synlett 2003, 1651. d) A. Córdova Chem. Eur. J. 2004, 1987. e) Y. Hayashi, W. Tsuboi, 
I. Ashimine, T. Uroshima, M. Shoji, K. Sakai Angew. Chem. 2003, 115, 3805; Angew. Chem. Int. Ed. 2003, 42, 3677. f) 
W. Notz, F. Tanaka, S.-I. Watanabe, N. S. Chowdari, J. M. Turner, R. Thayumanavan, C. F. Barbas III J. Org. Chem. 
2003, 68, 9624. g) N. S. Chowdari, J. T. Suri, C. F. Barbas III Org. Lett. 2004, 6, 2507. h) W. Zhuang, S. Saaby, K. A. 
Jørgensen Angew. Chem. 2004, 116, 4576; Angew. Chem. Int. Ed. 2004, 43, 4476. For an overview: i) A. Córdova Acc. 
Chem. Res. 2004, 37, 102.  
Scheme 2. An intermolecular aldol reaction catalyzed by L-proline.
DMF, 4 oC
L-proline (10 mol %)
anti/syn = 3 : 1
88% yield
97% ee
H
O
H
O
+ O OH
8 9 10
Scheme 3. A three-component one-pot Mannich-reaction catalyzed by L-proline.
1) DMF, 4 oC
    L-proline (30 mol %)
2) NaBH4 
    (55-81% yield)
syn/anti up to 10 : 1
up to 99% ee
H
O
+
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NH2
+
R = alkyl, aryl
HO R
HN
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11 9 12
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scientific community to using  small organic molecules in catalysis and in the enormous potential of 
this method. Presently, proline and its derivatives have been used successfully as catalysts in 
various organic asymmetric transformations, like α-amination24 and α-aminoxylation of aldehydes 
and ketones,25 asymmetric conjugate additions,26 and in the Morita-Baylis-Hillman-reaction to 
name some examples.27  
Not only proline and its derivatives are useful, in addition there are many other molecules that 
have been found to be effective organocatalysts. They can in general be divided into Lewis-bases, 
Lewis-acids, Brønsted-bases and Brønsted-acids. The Lewis-bases (B:) catalyze reactions via a 
nucleophilic addition to the substrate (S). The resulting complex reacts, and the product as well as 
the catalyst is then liberated. Lewis-acids (A) activate the nucleophilic substrate in an analogous 
way. Brønsted-basic and –acidic catalyses of reactions are initiated by deprotonation or protonation 
(Figure 3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                
24
 For an overview: R. O. Duthaler Angew. Chem. 2003, 115, 1005; Angew. Chem. Int. Ed. 2003, 42, 975. 
25
 a) G. Zhong Angew. Chem. 2003, 115, 4379; Angew. Chem. Int. Ed. 2003, 42, 4247. b) Y. Hayashi, J. Yamaguchi, K. 
Hibino, M. Shoji Tetrahedron Lett. 2003, 44, 8293. c) S. P. Brown, M. P. Brochu, C. J. Sinz, D. W. C. MacMillan J. 
Am. Chem. Soc. 2003, 125, 10808. 
26
 Overviews: a) O. M. Berner, L. Tedeschi, D. Enders Eur. J. Org. Chem. 2002, 1877. b) N. Krause, A. Hoffmann- 
Röder Synthesis 2001, 171. c) M. P. Sibi, S. Manyem Tetrahedron 2000, 56, 8033. For an interesting 
Michael/Michael/aldol reaction cascade catalyzed by a proline derivative, see d) D. Enders, M. R. M. Hüttl, C. Grondal, 
G. Raabe Nature 2006, 441, 861. 
27
 a) D. Basavaiah, A. J. Rao Chem. Rev. 2003, 103, 811. b) P. Langer Angew. Chem. 2000, 112, 3177; Angew. Chem. 
Int. Ed. 2000, 39, 3049. 
Figure 3. Organocatalytic cycles.
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One interesting aspect of organocatalysis is the recognition of the so-called ´privileged´ 
catalysts.28 In much the same manner as in pharmaceutical research, where the term ´privileged´ 
refers to compound classes that are active against a number of different biological targets,29 certain 
classes of enantioselective catalysts are effective in catalyzing a wide range of reactions. Privileged 
catalysts include not only organocatalysts, but also chiral compounds used as ligands in metal-
catalyzed reactions. BINAP, BINOL, TADDOL, proline and cinchona alkaloids are some examples 
of privileged molecules (Figure 4). The general applicability of these structures makes them useful 
not only for practical synthesis of enantiopure compounds, but also in discovering novel 
enantioselective processes. In practice, the development of a new asymmetric reaction very often 
begins with a lead result discovered through a systematic screen of known privileged catalyst 
structures, followed by optimization of the ligand structure and reaction conditions. This approach 
accounts for a significant proportion of new asymmetric methodologies reported every year. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
                                                
28
 T. P. Yoon, E. N. Jacobsen Science 2003, 299, 1691. 
29
 B. E. Evans, K. E. Rittle, M. G. Bock, R. M. DiPardo, R. M. Freidinger, W. L. Whitter, G. F. Lundell, D. F. Veber, P. 
S. Anderson J. Med. Chem. 1988, 31, 2235. 
16
Figure 4. Some privileged catalysts.
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   It is amazing, that the structures illustrated in Figure 4 are so effective in catalyzing not only one, 
but multiple different reactions. For some mechanistically closely related reactions like the aldol- 
and Mannich-reactions one can of course understand - and even expect - that proline catalyzes both 
of them effectively. But the privileged catalysts are effective also for mechanistically unrelated 
reactions. Why these particular compounds are preferred and function so well is not completely 
clear, but some trends can be observed. For instance, most catalysts possess rigid structures with 
multiple oxygen-, nitrogen- or phosphorus-containing functional groups that allow them to bind 
strongly to reactive metal centers. Many of these structures also possess twofold axes of symmetry. 
However, not all privileged catalysts have these features and the other way round their presence 
does not denote a compound functioning as such. To discuss all the most important organocatalysts, 
and the various reactions they catalyze is beyond the scope of this work. Thus, in the following only 
one the of most important organocatalyst classes – the cinchona alkaloids and their derivatives –  
will be introduced, as chemistry developed with these compounds is directly relevant to the work 
presented in this thesis.30 
 
1.1.1. Cinchona alkaloids 
 
Cinchona is a genus of about 25 species in the family of Rubiaceae, native to tropical South 
America. They are large shrubs or small trees, growing up to 5-15 m in height with an evergreen 
foliage. The name was introduced by Linnaeus, and comes – or so the story goes – from the 
Countess of Chinchon, who was introduced to the medicinal properties of the bark by natives in 
Peru when she was suffering from a fever in 1638.  
The bark of the Cinchona tree contains over 30 identified alkaloids, the most familiar of which is 
quinine, an anti-fever agent especially useful in treating malaria and first isolated in 1820.31 
Another major application for quinine is in soft drinks and tonic water.32 Of the total alkaloid 
content in the Cinchona tree, the alkaloids quinine (14a), quinidine (14c), cinchonine (14d) and 
cinchonidine (14b) account for over 50 % (Figure 5). They are made of a quinoline joined to a 
substituted chiral 1-azabicyclo[2.2.2]octane moiety through the stereogenic carbon C9. Although 
three total syntheses of quinine have been reported,33 the first stereoselective one only 6 years ago, 
                                                
30
 For a review on the use of alkaloids in catalysis: a) K. Kacprzak, J. Gawrónski Synthesis 2001, 961. 
31
 a) P. J. Pelletier, J. B. Caventou Ann. Chim. Phys. 1820, 14, 69. b) P. J. Pelletier, J. B. Caventou Ann. Chim. Phys. 
1820, 15, 291 and 337. 
32
 a) D. C. McHale The Biologist 1986, 33, 45. b) F. Eiden Pharmazie in unserer Zeit 1998, 27, 257. c) P. M. Dewick 
Medicinal Natural Products, John Wiley & Sons, Chichester, New York, 1997, pp. 335. d) J. Herrmann Pharm. Ztg. 
2001, 146, 1486. 
33
 a) G. Stork, D. Niu, A. Fujimoto, E. R. Koft, J. M. Balkovec, J. R. Tata, G. R. Dake J. Am. Chem.Soc. 2001, 123, 
3239. b) I. T. Raheem, S. N. Goodman, E. N. Jacobsen J. Am. Chem. Soc. 2004, 126, 706. c) J. Igarashi, M. Katsukawa, 
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extraction from the bark of Cinchona tree remains the method of choice for commercial use, and the 
alkaloids are produced at approx. 700 t/year scale. 
 
 
 
 
 
 
 
 
 
 
The alkaloids quinine and quinidine, as well as cinchonine and cinchonidine, exist as 
´pseudoenantiomeric´ pairs (although the two alkaloids in a pair are diastereomers in respect to each 
other, they often produce opposite stereochemical products in asymmetric reactions). They are 
readily available catalysts and could be used to generate either enantiomer in the chiral product of 
interest. Moreover, the structure of these alkaloids can be modified relatively easily.34 In 1960 
Pracejus reported that methyl phenyl ketene (18) was converted to (S)-methyl hydratopate (20) 
using O-acetylquinine (19) as catalyst in 74% ee (Scheme 4).16  
 
 
 
 
 
 
 
 
 
Also Wynberg carried out extensive studies in the use of cinchona alkaloids as chiral Lewis 
base/nucleophilic catalysts, and they were shown to be effective in catalyzing a variety of 1,2- and 
                                                                                                                                                              
Y. G. Wang, H. P. Acharya, Y. Kobayashi Tetrahedron Lett. 2004, 45, 3783. Review: c) T. S. Kaufman, E. A. Rúveda 
Angew. Chem. 2005, 117, 876; Angew. Chem. Int. Ed. 2005, 44, 854. d) A historical review on the topic: J. I. Seeman 
Angew. Chem. 2007, 119, 1400; Angew. Chem. Int. Ed. 2007, 46, 1378. 
34
 For a synopsis on the various cinchona rearrangements and structural modifications, see: H. M. R. Hoffman, J. 
Frackenpohl Eur. J. Org. Chem. 2004, 4293. 
Figure 5. The most common cinchona alkaloids.
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Scheme 4. The first catalysis with cinchona alkaloids.
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1,4-additions to a range of carbonyl compounds.35 However, synthetically useful 
enantioselectivities were obtained only in the reaction of ketenes with chloral to form chiral oxetan-
2-ones.36 While after the studies of Wynberg little progress was made in the area of organocatalysis 
with cinchona alkaloids and derivatives, spectacular progress was achieved in the cinchona 
alkaloid-based transition metal catalysts leading to the development of the Sharpless´ asymmetric 
dihydroxylation reaction (AD), being not only one of the most powerful asymmetric 
transformations, but also worth the Nobel-prize in 2001 (Scheme 5).37  
 
 
 
 
 
 
The first AD-reactions were stoichiometric in regard of both the chiral ligand and the expensive 
osmium tetroxide (OsO4). Moderate to good enantioselectivities were obtained when acetate esters 
of cinchona alkaloids were used as ligands in the reaction. The first catalytic version was based on 
the Upjohn process using N-methyl morpholine-N-oxide as the stoichiometric re-oxidant.38 
However, the catalytic reaction suffered from lower enantioselectivities than the stoichiometric 
version. Since then, several improvements followed and nowadays a ready AD-mixture is 
commercially available and almost all olefinic systems can be hydroxylated with excellent 
enantioselectivities.39  
First, introduction of the inorganic salt K3(Fe(CN)6) as a stoichiometric cooxidant and the use of 
t-butanol/water as a two-phase solvent system allowed a catalytic reaction that avoids the secondary 
catalytic cycle. This secondary cycle is responsible for the low enantioselectivities in the early 
catalytic versions.40 The addition of methyl sulfonamide was found to accelerate the reaction 
                                                
35
 H. Wynberg Top. Stereochem. 1986, 16, 87. 
36
 H. Wynberg, E. G. J. Staring J. Am. Chem. Soc. 1982, 104, 166. 
37
 For a review, see: H. C. Kolb, M. S. VanNieuwenhze, K. B. Sharpless Chem. Rev. 1994, 94, 2483. 
38
 E. N. Jacobsen, I. E. Markó, W. S. Mungall, G. Schröder, K. B. Sharpless J. Am. Chem. Soc. 1988, 110, 1968. 
39
 a) H. C. Kolb, K. B. Sharpless Asymmetric Dihydroxylation, in: Transition Metals for Organic Synthesis, Vol. 2, 
(Eds.: M. Beller, C. Bolm), 2nd. Ed., Wiley-VCH: Weinheim, 2004, p 275-298. b) K. Muñiz AD-Recent Developments, 
in Transition Metals for Organic Synthesis, Vol. 2, (Eds.: M. Beller, C. Bolm), 2nd Ed., Wiley-VCH: Weinheim, 2004, 
298-307. c) I. E. Markó, J. S. Svendsen Dihydroxylation of Carbon-Carbon Double Bonds, in: Comprehensive 
Asymmetric Catalysis, Vol 2, (Ed.: E. N. Jacobsen, A. Pfaltz, H. Yamamoto), Springer: Berlin 1999, 713-787. d) R. A. 
Johnson, K. B. Sharpless Catalytic Asymmetric Dihydroxylation – Discovery and Development, in: Catalytic 
Asymmetric Synthesis, (Ed: I. Ojima), 2nd Ed., Wiley-VCH: New York, 2000, 357-398. e) C. Bolm, J. P. Hildebrand, 
K. Muñiz Recent Advances in AD and AA, in: Catalytic Asymmetric Synthesis, (Ed.: I. Ojima), 1st Ed., Wiley-VCH: 
New York, 2000, 399-428.  
40
 H.-L. Kwong, C. Sorato, Y. Ogino, H. Chen, K. B. Sharpless Tetrahedron Lett. 1990, 31, 2999. 
Scheme 5. An example of the asymmetric dihydroxylation (AD) reaction.
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considerably.41 Secondly, introduction of the Sharpless ligands (23-26) containing two 
dihydroquinyl or dihydroquinidyl ether units linked together by an aromatic moiety induced 
excellent enantioselectivities.42 The biscinchona alkaloids bearing pyridazine (PYDZ), phthalazine 
(PHAL), diphenylpyrimidine (PYR) and anthraquinone (AQN) were found to be the most active. 
The two alkaloid moieties play different roles, one being responsible for the catalytic process while 
the other one provides a chiral binding pocket for the olefin. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Since then, cinchona alkaloids and their various derivatives have enjoyed a new popularity, due to 
their ready availability, stability and the fact, that their structure can easily be modified. They have 
shown their prowess in a variety of reactions, some of which are introduced in the following 
chapters. 
 
1.1.1.1 Cinchona alkaloids in the desymmetrization of meso anhydrides. 
 
The first studies in this powerful desymmetrization method (Scheme 6) were based on the use of 
chiral nucleophiles, like binaphtyldiamino derivatives or mandelic acid esters.43 The disadvantages 
of this early method were, that the scope of the reaction was generally not broad, and that the 
                                                
41
 K. B. Sharpless, W. Amberg, Y. L. Bennani, G. A. Crispino, J. Hartung, K.-S. Jeong, H.-L. Kwong, K. Morikawa, Z.-
M. Wang, D. Xu, X.-L. Zhang J. Org. Chem. 1992, 57, 2768.  
42
 a) W. Amberg, Y. L. Bennani, R. K. Chadha, G. A. Crispino, W. D. Davis, J. Hartung, K.-S. Jeong, Y. Ogino, T. 
Shibata, K. B. Sharpless J. Org. Chem. 1993, 58, 844. b) G. A. Crispino, K.-S. Jeong, H. C. Kolb, Z.-M. Wang, D. Xu, 
K. B. Sharpless J. Org. Chem. 1993, 58, 3785. 
43
  a) Y. Kawakami, J. Hiratake, Y. Yamamoto, J. Oda J. Chem. Soc., Chem. Commun. 1984, 779. b) M. Ohtani, T. 
Matsuura, F. Watanabe, M. Narisada J. Org. Chem. 1991, 56, 4120. 
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Figure 6. The most common Sharpless ligands.
1. Introduction 
 
 12 
auxiliary remained bound to the product so that a separate cleavage step was required to obtain 
practically useful products. 
 
 
 
 
 
 
 
A more general procedure was developed by Seebach, utilizing a stoichiometric amount of 
diisopropoxytitan-TADDOL-ate (Scheme 7).44 The diisopropyl transfer leads to highly 
enantiomerically enriched isopropyl monoester products, whilst tolerating a wide substrate scope. 
Unfortunately, the relatively expensive ligand must be prepared and the catalyst is unable to open 6-
membered anhydride rings efficiently.  
 
 
 
 
 
 
 
 
Later a catalytic protocol was developed, which permits the use of substoichiometric amounts of 
Ti-TADDOLate in the presence of stoichiometric amounts of Al(iOPr)3.44c It was hypothesized, that 
if the Ti-TADDOLate catalyzed enantioselective alcoholysis takes place at a higher rate than the 
aluminium isopropoxide catalyzed racemic alcoholysis, the enantioselectivity can be retained while 
Al(iOPr)3 regenerates the chiral catalyst. Thus, hemiester 29a was obtained in 74% yield and 96% 
ee.  Similar procedures were developed by Fujisawa, utilizing cinchona alkaloids, diethyl zinc and 
methanol to afford methyl monoesters with up to 91% ee;45 and Rovis, who reacted structurally 
                                                
44
  a) D. Seebach, G. Jaeschke, Y. M. Wang Angew. Chem. 1995, 107, 2605; Angew. Chem. Int. Ed. 1995, 34, 2395. b) 
D. Seebach, G. Jaeschke, K. Gottwald, K. Matsuda, R. Formisano, D. A. Chaplin Tetrahedron 1997, 53, 7539. c) G. 
Jaeschke, D. Seebach J. Org. Chem. 1998, 63, 1190. d) K. Gottwald, D. Seebach Tetrahedron 1999, 55, 723. e) D. J. 
Ramon, G. Guillena, D. Seebach Chim. Acta 1996, 79, 875. 
45
  M. Shimizu, K. Matsukawa, T. Fujisawa Bull. Chem. Soc. Jpn. 1993, 66, 2128. 
Scheme 6. The desymmetrization of meso anhydrides.
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diverse cyclic anhydrides in palladium-catalyzed diphenylzinc addition obtaining the corresponding 
ketoacids in up to 97% ee.46  
The first organocatalytic desymmetrizations were described by Oda and Aitken. Oda reported a 
catalytic method for the desymmetrization, using 10 mol % of various cinchona alkaloids as 
catalysts. With this methodology moderate enantiomeric excesses of around 60-70% ee were 
achieved.47 Aitken, on the other hand, described a similar procedure, utilizing 50 mol % of cinchona 
alkaloid catalyst instead (Scheme 8). He could reach an ee of 76% with the substrate 30.48 
 
 
 
 
 
 
 
Based on these results, Bolm and coworkers presented an improved procedure, where using a 
slight excess (1.1 eq) of the alkaloids quinine and quinidine, the monomethylesters were afforded in 
high yields and with enantioselectivities of up to 99% ee (Scheme 9).49 The alkaloids can be 
recovered from the reaction via an acidic extraction and reused, with no loss in selectivity nor in 
activity. It was shown, that the procedure is viable for a range of different anhydrides, as well as 
different nucleophiles, although methanol and benzyl alcohol yielded the best results. The 
procedure can be scaled-up, with essentially no loss in selectivity,50 and proved to be useful in the 
synthesis of compounds such as β-amino acids,51 diamines,52 amino alcohols53 and unsymmetrical 
bisoxazolines.54 A catalytic version of the reaction was also developed using 1.0 eq of an auxiliary 
                                                
46
 a) E. A. Bercot, T. Rovis J. Am. Chem. Soc. 2004, 126, 10248. His earlier studies: b) E. A. Bercot, T. Rovis J. Am. 
Chem. Soc. 2002, 124, 174. c) E. A. Bercot, T. Rovis J. Am. Chem. Soc. 2005, 127, 247. 
47
 a) J. Hiratake, M. Inagaki, Y. Yamamoto, J. Oda J. Chem. Soc., Perkin Trans. 1 1987, 1053. b) J. Hiratake, Y. 
Yamamoto, J. Oda J. Chem. Soc., Chem. Commun. 1985, 1717. 
48
 a) R. A. Aitken, J. Gopal Tetrahedron: Asymmetry 1990, 1, 517. b) R. A. Aitken, J. Gopal, J. A. Hirst J. Chem. Soc., 
Chem. Commun. 1988, 632. 
49
 a) C. Bolm, A. Gerlach, C. L. Dinter Synlett 1999, 195. b) C. Bolm, I. Schiffers, C. L. Dinter, A. Gerlach J. Org. 
Chem. 2000, 65, 6984. c) C. Bolm, I. Atodiresei, I. Schiffers Org. Synth. 2005, 82, 120. 
50
 C. Bolm, I. Schiffers, I. Atodiresei, C. P. R. Hackenberger Tetrahedron: Asymmetry 2003, 14, 3455. 
51
 a) C. Bolm, I. Schiffers, C. L. Dinter, L. Defrère, A. Gerlach, G. Raabe Synthesis 2001, 1719. b) C. Bolm, C. L. 
Dinter, I. Schiffers, L. Defrère Synlett 2001, 1875. c) C. P. R. Hackenberger, I. Schiffers, J. Runsink, C. Bolm J. Org. 
Chem. 2004, 69, 739. d) J. Mittendorf, J.-B. Buchholz, P. Fey, K.-H. Mohrs Synthesis 2003, 136. e) J. Mittendorf, F. 
Kunisch, M. Matzke, H.-C. Militzer, A. Schmidt, W. Schönfeld Bioorg. Med. Chem. Lett. 2003, 13, 433. g) A. Basso, 
L. Banfi, R. Riva, G. Guanti J. Org. Chem. 2005, 70, 575. 
52
 a) C. Bolm, I. Schiffers, I. Atodiresei, S. Özçubukçu, G. Raabe New J. Chem. 2003, 27, 14. b) C. Tanyeli, S. 
Özçubukçu Tetrahedron: Asymmetry 2003, 14, 1167. 
53
 a) I. Schiffers, PhD dissertation at RWTH Aachen University, 2002. b) C. Tanyeli, S. Murat Tetrahedron: Asymmetry 
2005, 16, 2039. 
54
 I. Atodiresei, I. Schiffers, C. Bolm Tetrahedron: Asymmetry 2006, 17, 620. 
Scheme 8. The desymmetrization of meso anhydrides by Aitken.
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base in addition to 10 mol % of alkaloid. It was found that N-methyl-1,1,5,5-tetramethylpiperidine 
was the most effective auxiliary, leading to 100% yield and 90% ee in the methanolysis.53a 
Unfortunately, this was only in the case of the anhydride 27, the other anhydrides tested showed 
lower selectivities. 
 
 
 
 
 
 
 
Interestingly, in the studies of Bolm the derivatives of cinchona alkaloids (like the O-acetylated 
one, 19) clearly showed lower selectivities than the original alkaloids. In contrast, Deng published a 
catalytic methodology based on the Sharpless ligands (DHQD)2AQN and (DHQ)2AQN.55 Using 5-
30 mol% of the catalyst, a range of cyclic anhydrides were opened and the chiral methylmonoesters 
were isolated in high yields of 72-99% and in high enantioselectivities of 80-98% ee (Scheme 10). 
Deng was also able to open 3-methyl glutaric anhydride in 70% yield and 91% ee, which did not 
lead to any conversion with the protocol of Bolm. Later studies by Deng introduced the biscinchona 
alkaloids mediating the kinetic resolution of racemic cyclic anhydrides56 and N-carboxy 
anhydrides,57 as well as the dynamic kinetic resolution of N- and O-carboxy anhydrides.58 
 
 
 
 
 
 
 
Uozumi published his studies on the use of noncinchona-based catalysts in this transformation.59 
He tested five N-chiral tertiary amines, the best of which is shown in Figure 7. In the 
desymmetrization of cis-cyclohexane-1,2-dicarboxylic acid anhydride (35) with equimolar amounts 
                                                
55
 Y. Chen, S.-K. Tian, L. Deng J. Am. Chem. Soc. 2000, 122, 9542. 
56
 Y. Chen, L. Deng J. Am. Chem. Soc. 2001, 123, 11302. 
57
 J. Hang, S.-K. Tian, L. Tang, L. Deng J. Am. Chem. Soc. 2001, 123, 12696. 
58
 a) J. Hang, H. Li, L. Deng Org. Lett. 2002, 4, 3321. b) L. Tang, L. Deng J. Am. Chem. Soc. 2002, 124, 2870. 
Scheme 9. The desymmetrization of meso anhydrides by Bolm.
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Scheme 10. The desymmetrization of meso anhydrides by Deng.
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of methanol and amine 36, the corresponding methylmonoester was produced in 72% yield and 
89% ee. Unfortunately, the 5-step chiral amine synthesis, low substrate scope and moderate 
enantioselectivities make this protocol quite unpractical. 
 
   
 
 
 
The products from this anhydride desymmetrization are optically active hemiesters, and the 
functionalities of these compounds can be easily derivatized further. Therefore the products are 
important intermediates in organic syntheses.  
 
 
 
 
 
 
 
 
 
 
 
In the total synthesis of natural products and pharmaceutically relevant compounds this concept 
has been illustrated (Scheme 11), for example in Deng´s biotin synthesis,60 in Carreira´s route to 
axinellamin,61 in Keen´s synthesis of an αvβ3 antagonist,62 in Wipf´s synthesis of lophotoxin,63 in 
                                                                                                                                                              
59
 Y. Uozumi, K. Yasoshima, T. Miyachi, S.-I. Nagai Tetrahedron Lett. 2001, 42, 411. 
60
 C. Choi, S.-K. Tian, L. Deng Synthesis 2001, 1737. 
61
 J. T. Starr, G. Koch, E. M. Carreira J. Am. Chem. Soc. 2000, 122, 8793. 
62
 S. P. Keen, C. J. Cowden, B. C. Bishop, K. M. J. Brands, A. J. Davies, U. H. Dolling, D. R. Lieberman, G. W. 
Stewart J. Org. Chem. 2005, 70, 1771. 
63
 P. Wipf, M. Grenon Can. J. Chem. 2006, 84, 1226. 
Scheme 11. Some examples of chiral hemiesters in total synthesis.
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Weinreb´s synthesis of papuamin64 and in the syntheses of brefeldin C,65 glycomimetics66 and a 
CCR3 antagonist.67  
The mechanism of this transformation is not completely clear, and currently two proposals, a 
general base-catalyzed mechanism and nucleophilic catalysis, are favoured.68 There is evidence to 
support both of the theories: supporting the nucleophilic catalysis is the kinetic isotope effect 
(kMeOH/kMeOD = 2.3) observed by Oda47a and the mass-spectrometrically observed anhydride-
quinidine adduct by Carloni69 suggests the formation of  acylammonium intermediates.70  
 
1.1.1.2. Cinchona alkaloids in the asymmetric cyanation of simple ketones 
 
The catalytic enantioselective construction of a quaternary stereocenter is a fundamentally 
important topic in asymmetric synthesis.71 Although catalytic enantioselective C-C –bond formation 
with ketones provides an attractive approach, realization of this strategy has proven quite 
challenging.72 The two substituents of a ketone diminish its activity toward nucleophilic additions 
and their resemblance to each other makes it difficult for a small catalyst to distinguish amongst 
them. The reaction can be promoted by either chiral Lewis acids73 or chiral Lewis bases, but until 
the studies of Deng no attempts to use a chiral base catalyst had been reported.74 Using the 
Sharpless´ ligands as catalysts (10-30 mol %) and ethyl cyanoformate as the cyanating reagent, they 
were able to prepare the products in yields of 40-96% and enantioselectivities of 52-99% ee 
(Scheme 12).  
 
                                                
64
 R. M. Borzilleri, S. M. Weinreb J. Am. Chem. Soc. 1994, 116, 9789. 
65
 S. Archambaud, K. Aphecetche-Julienne, A. Guingant Synlett 2005, 139. 
66
 a) A. Bernardi, D. Arosio, D. Dellavecchia, F. Micheli Tetrahedron: Asymmetry 1999, 10, 3403. b) A. Bernardi, D. 
Arosio, L. Manzoni, F. Micheli, A. Pasquarello, P. Seneci J. Org. Chem. 2001, 66, 6209. 
67
 T.-Y. Yue, D. D. McLeod, K. B. Albertson, S. R. Beck, J. Deerberg, J. M. Fortunak, W. A. Nugent, L. A. Radesca, L. 
Tang, C. D. Xiang Org. Process Res. Dev. 2005, 10, 262. 
68
 A. C. Spivey, B. I. Andrews Angew. Chem. 2001, 113, 3227; Angew. Chem. Int. Ed. 2001, 40, 3131. 
69
 F. Bigi, S. Carloni, R. Maggi, A. Mazzacani, G. Sartori, G. Tanzi J. Mol. Cat. A 2002, 182-183, 533.  
70
 NMR-studies of an ammonium salt, formed by crystallization of quinidine and a monomethylester from the 
anhydride opening experiments suggest a combination of both models. For more details see ref. 53a.  
71
 For excellent reviews, see: a) E. J. Corey, A. Guzman-Perez Angew. Chem. 1998, 110, 402; Angew. Chem., Int. Ed. 
1998, 37, 388. b) K. Fuji Chem. Rev. 1993, 93, 2037. 
72
 J.-M. Brunel, I. P. Holmes Angew. Chem. 2004, 116, 2810; Angew. Chem. Int. Ed. 2004, 43, 2752. 
73
 a) Y. Hamashima, M. Kanai, M. Shibasaki J. Am. Chem. Soc. 2000, 122, 7412. b) K. Yabu, S. Masumoto, S. 
Yamasaki, Y. Hamashima, M. Kanai, W. Du, D. P. Curran, M. Shibasaki J. Am. Chem. Soc. 2001, 123, 9908. c) Y. 
Hamashima, M. Kanai, M. Shibasaki Tetrahedron Lett. 2001, 42, 691. d) S. Masumoto, Y. Kazuo, K. Motomu, M. 
Shibasaki Tetrahedron Lett. 2002, 43, 2919. e) M. Shibasaki, S. Masumoto, M. Suzuki, M. Kanai Tetrahedron Lett. 
2002, 43, 8647. f) K. Yabu, S. Masumoto, M. Kanai, W. Du, D. P. Curran, M. Shibasaki Heterocycles 2003, 59, 369. g) 
K. Fujii, K. Maki, M. Kanai, M. Shibasaki Org. Lett. 2003, 5, 733. h) F. Chen, X. Feng, Z. Bo, G. Zhang, Y. Jiang Org. 
Lett. 2003, 5, 949. i) Y. N. Belokon, B. Green, N. S. Ikonnikov, M. North, T. Parsons, V. I. Tararov Tetrahedron 2001, 
57, 771. 
74
 S.-K. Tian, L. Deng J. Am. Chem. Soc. 2001, 123, 6195. 
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Later, an improved and more broadly applicable catalytic approach using TMSCN as the 
cyanating reagent was published,75 affording the product in high yields (81-99%) and excellent 
selectivities (90-98% ee). The reaction has found synthetic applications, for example, in the 
synthesis of enantiomerically enriched amino alcohols and was also applied as one of the key steps 
in the total synthesis of bisorbicillinoids (Scheme 13).76  
 
 
 
 
 
 
 
1.1.1.3. Asymmetric conjugate addition catalyzed by cinchona alkaloids and derivatives 
 
The reaction studied by Wynberg bears a historical significance for asymmetric catalysis by 
cinchona alkaloids. The highest enantiomeric excess of 75% ee was obtained in the addition of 
thiols to 5,5-dimethyl cyclohexenone (47) catalyzed by cinchonidine (Scheme 14, upper part). 
Wynberg attributed this catalytic activity to a bifunctional catalytic system involving simultaneous 
activation of the enone and the thiol by the hydroxyl and the amine groups, respectively. 
 
 
 
 
 
 
 
                                                
75
 S.-K. Tian, R. Hong, L. Deng J. Am. Chem. Soc. 2003, 125, 9900. 
76
 R. Hong, Y. Chen, L. Deng Angew. Chem. 2005, 117, 3544; Angew. Chem. Int. Ed. 2005, 44, 3478. 
Scheme 12. The asymmetric cyanation of ketones by Deng.
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Scheme 13. The asymmetric cyanosilylation in the synthesis of bisorbicillinol.
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This bifunctional catalysis model was believed to be generally applicable in many asymmetric 
reactions catalyzed by natural cinchona alkaloids. Therefore, the recount from Deng in 2002 was 
somewhat surprising. They reported a highly enantioselective 1,4-addition of thiols to a range of 
cyclic enones (Scheme 14, lower part).77 Interestingly, the optimal catalyst was found to be 
(DHQD)2PYR, a modified cinchona alkaloid lacking a hydrogen-bond donor. The result was 
unexpected, as the studies of Wynberg et al. indicated that an amino alcohol moiety is required for 
optimal stereoselectivity.78 This, as well as the fact that the sense of asymmetric induction obtained 
with respect to the absolute configuration at C8 and C9 is opposite to that obtained with natural 
cinchona alkaloids, suggests that the corresponding mechanisms differ significantly. 
Subsequently, Deng expanded the scope of conjugate additions catalyzed by modified cinchona 
alkaloids (Scheme 15) to addition of phenylcyanoacetate to vinyl phenyl sulfones,79 addition of 
ketoesters to α,β-unsaturated aldehydes80 and ketones,81 and the addition of malonates to 
nitroalkenes.82 The latter reaction has been also conducted in an asymmetric fashion using an 
organocatalyst derived from 1,2-diaminocyclohexane.83 Interestingly, in the above-mentioned 
reactions the natural cinchona alkaloids quinine and quinidine, having a free hydroxyl group at the 
β-position to the amine, very often induce little or no stereoselectivity. In contrast, when the 
quinoline methoxy group is converted into the free –OH and the C9-hydroxyl group to its various 
                                                
77
 P. McDaid, Y. Chen, L. Deng Angew. Chem. 2002, 114, 348; Angew. Chem. Int. Ed. 2002, 41, 338. 
78
 H. Hiemstra, H. Wynberg J. Am. Chem. Soc. 1981, 103, 417. 
79
 H. Li, J. Song, X. Liu, L. Deng J. Am. Chem. Soc. 2005, 127, 8948. 
80
 F. Wu, R. Hong, J. Khan, X. Liu, L. Deng Angew. Chem. 2006, 118, 4407; Angew. Chem. Int. Ed. 2006, 45, 4301. 
81
 F. Wu, H. Li, R. Hong, L. Deng Angew. Chem. 2006, 118, 961; Angew. Chem. Int. Ed. 2006, 45, 1498. 
82
 H. Li, Y. Wang, L. Tang, L. Deng J. Am. Chem. Soc. 2004, 126, 9906. 
Scheme 14. 1,4-Conjugate addition of aromatic thiols to enones.
Reaction by Wynberg: 75% ee
O cinchonidine,
benzene, rtSH
+
O
S
Reaction by Deng: 93% ee
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ethers 51, the enantiomeric excesses are often >95% ee. A model is also proposed by Deng for this 
dual activation in conjugate additions by modified cinchona alkaloids.84 
 
 
 
 
 
 
  
 
 
1.1.1.4 α-Halogenations catalyzed by cinchona alkaloids 
 
Halogenation reactions are versatile processes in organic chemistry and the products are valued as 
synthetic intermediates.85,86 Enantioselective halogenations are important, as every year novel 
metabolites containing chiral halogens are isolated from biological sources.87 Also the halogenated 
analogues of amino acids88 or pharmaceutically active drugs have been shown to enhance 
cytotoxicity as compared to the parent compounds.89 In addition, alkyl halides can serve as 
precursors or branch points in the synthesis of C-C-bonds, ethers, sulfides and epoxides.90 
The simplest halogenation reagents, the diatomic halides, are too reactive for use in asymmetric 
catalysis. Therefore, mild sources of electophilic halogens have been developed like those shown in 
Figure 8.  
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 T. Okino, Y. Hoashi, Y. Takemoto J. Am. Chem. Soc. 2003, 125, 12672. 
84
 Y. Wang, X. Liu, L. Deng J. Am. Chem. Soc. 2006, 128, 3928. 
85
 For reviews, see: a) K. Muñiz Angew. Chem. 2001, 113, 1701; Angew. Chem. Int. Ed. 2001, 40, 1653. b) S. France, 
A. Weatherwax, T. Lectka Eur. J. Org. Chem. 2005, 475. c) P. M. Pihko Angew. Chem. 2006, 118, 558; Angew. Chem. 
Int. Ed. 2006, 45, 544. 
86
 R. C. Larock Comprehensive Organic Transformations, 2nd ed., Wiley-VCH, New York, 1999.  
87
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2002, 65, 395. b) I. Brito, M. Cueto, A. R. Diaz-Marrero, J. Darias, A. San Martin, J. Nat. Prod. 2002, 65, 946. 
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 V. P. Kukhar, V. A. Soloshonok Fluorine Containing Amino Acids, Synthesis and Properties, John Wiley & Sons, 
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York, 1982. b) R.E. Banks J. Fluorine Chem. 1998, 87, 1, and references therein. 
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 a) H. House Modern Synthetic Reactions, 2nd ed., W. A. Benjamin, New York, 1972, pp. 459. b) N. De Kimpe, R. 
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Scheme 15. Cinchona alkaloid ether catalyzed conjugate additions.
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Using these reactants, enantioselective halogenations have been developed like the 
TiTADDOLate-catalyzed reactions by Togni91 and chiral bisoxazoline-copper complexes by 
Jørgensen.92 Organocatalytic approaches have been developed only in the last years, the first ones 
reported independently by Shibata and Cahardi,93 who used N-fluorinated ammonium salts of 
cinchona alkaloids and derivatives. They were able to reach high yields and enantiomeric excesses 
of up to 89% ee. Later, some other cinchona alkaloid derivatives were used in this transformation 
(Scheme 16). The O-benzoylated derivatives of quinine and quinidine (58) used in conjunction with 
a basic phosphazine resin, BEMP, afford activated α-halogenated esters in good yields and 
enantioselectivities of up to 99% ee.94 On the other hand, in an asymmetric fluorination reaction the 
phase transfer catalyst 57 was used in catalytic amounts to afford the products in moderate 
enantiomeric excesses of 40-69% ee. 95  The latter process is not completely metal-free, though, as 
an excess of a metal carbonate or –hydroxide is used.  
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 a) L. Hintermann, A. Togni Angew. Chem. 2000, 112, 4530; Angew. Chem. Int. Ed. 2000, 39, 4359. b) L. 
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Takeuchi J. Am. Chem. Soc. 2000, 122, 10728. c) N. Shibata, E. Suzuki, T. Asahi, M. Shiro J. Am. Chem. Soc. 2001, 
123, 7001. 
94
 a) H. Wack, A. E. Taggi, A. M. Hafez, W. C. Drury III, T. Lectka  J. Am. Chem. Soc. 2001, 123, 1531. b) A. M. 
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Figure 8. Halogenation reagents.
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The above-mentioned protocols were later followed by organocatalytic approaches from Enders, 
who used proline and its derivatives in the reaction (Scheme 17).96 The enantiomeric excesses were 
modest, but studies published almost simultaneously by Jørgensen, Barbas and MacMillan showed 
selectivities of up to 99% ee (Scheme 17).97 
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 D. Enders, M. R. M. Hüttl Synlett 2005, 991. 
97
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Chem. Int. Ed. 2005, 44, 3706. c)  T. D. Beeson, D.W. C. MacMillan J. Am. Chem. Soc. 2005, 127, 8826. 
Scheme 16. Asymmetric halogenations using cinchona derivatives.
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1.1.1.5. Morita-Baylis-Hillman reaction 
 
The Morita-Baylis-Hillman reaction,98 the base-catalyzed reaction of aldehydes or imines (aza-
MBH) with activated alkenes, presents a convenient route to α-methylene-β-hydroxy or -β-amino 
compounds.99 These substances are useful as precursors in natural product synthesis and for 
constructing biologically active compounds. Although the reaction was discovered around 1970, for 
a long time an enantioselective variant remained elusive and it was not until 1997, that the first 
significant step towards an effective asymmetric variant was developed by Leahy who used the 
Oppolzer sultam as a chiral auxiliary in the DABCO-catalyzed reaction.100  The first highly 
enantioselective catalytic version was described by Hatakeyama (Scheme 18). They screened 
various tertiary amines derived from cinchona alkaloids and the best catalyst was found to be β-
isocupreidine (62). Using this catalyst a large variety of aromatic and aliphatic aldehydes were 
reacted with hexafluoroisopropyl acrylate (HFIPA, 63) to afford the desired products 64 in modest 
yields and enantioselectivities of 91-99% ee.101 A drawback of this methodology is the formation of 
a dioxanone byproduct 65. 
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 a) K. Morita, Z. Suzuki, H. Hirose Bull. Chem. Soc. Jpn. 1968, 41, 2815. b) A. B. Baylis, M. E. D. Hillman 
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99
 a) For overviews, see: D. Basavaiah, A. J. Rao Chem. Rev. 2003, 103, 811. b) P. Langer Angew. Chem. 2000, 112, 
3177; Angew. Chem. Int. Ed. 2000, 39, 3049. 
100
 L. J. Brzezinski, S. Fafel, J. W. Leahy J. Am. Chem. Soc. 1997, 119, 4317. 
101
 Y. Iwabuchi, M. Nakatani, N. Yokoyama, S. Hatakeyama J. Am. Chem. Soc. 1999, 121, 10219. 
Scheme 17. Organocatalytic fluorinations.
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The same group applied this methodology in the synthesis of (–)-Mycestericin,102 a strong 
immunosuppressor, and in the synthesis of Epopromycin B, a plant cell-wall synthesis inhibitor.103 
The catalyst 62 was also utilized with activated imines as acceptors, in the so-called aza-Baylis-
Hillman reaction (Scheme 19).104 
 
 
 
 
 
 
 
A generally applicable methodology is yet to be reported, as existing procedures are either highly 
enantioselective, but proceed with low conversion, or are high yielding, but only modestly 
enantioselective. Additionally, the reaction suffers often from a low substrate scope. 
 
1.1.1.6 The asymmetric desymmetrization of meso-diols 
 
The asymmetric desymmetrization of meso diols is a powerful methodology for obtaining 
optically active compounds. Although many methods have been developed,105 only a few examples 
exist of direct catalytic asymmetric desymmetrization.106 A very interesting contribution was made 
                                                
102
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103
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Scheme 18. Asymmetric Morita-Baylis-Hillman reaction by Hatakeyama.
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Scheme 19. An asymmetric aza-Morita-Baylis-Hillman reaction.
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by Yamamoto, who used phosphinite derivatives of cinchona alkaloids as catalysts in this reaction 
(Scheme 20).107 They hypothesized, that a Lewis-basic trivalent phosphorus and Brønsted-basic 
tertiary amino group could act cooperatively to activate an acylating reagent and trap a proton in the 
monoacylation reaction. 
 
 
 
 
 
 
 
The catalyst 68 was generated in situ from cinchonine and Ph2PCl. The pure catalyst was never 
isolated in itself, as the phosphinite is prone to oxidation, but as a ~85:15 mixture of phosphinite 
and phosphinate. Their studies showed, that the isolated phosphinite/phosphinate mixture worked as 
a catalyst as well as the in situ created one. Other acylating reagents were tested, but BzCl proved to 
be the best and the products, monobenzoylated diols, were isolated in high yields and in 
enantioselectivities of up to 94% ee. Later, Hoveyda succeeded in the enantioselective 
protection/desymmetrization of meso diols with different silyl groups, like the trimethylsilyl (TMS), 
reaching enantiomeric excesses of up to 96% ee and with moderate to good yields.108 Their efficient 
catalysts were small chiral molecules based on amino acids.  
 
1.1.2. Bifunctional cinchona catalysts 
 
One of the most fundamental competencies of enzymatic catalysis is polyfunctionality, the ability 
to employ Lewis/Brønsted acid and Lewis/Brønsted basic functionalities synergistically to bring 
about the activation of both the nucleophilic and electrophilic component of the reaction 
simultaneously. This is quite difficult to engineer in synthetic systems,109 but recently there have 
been major advances. Towards this end, the ability of chiral urea and thiourea derivatives110 to serve 
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Scheme 20. The desymmetrization of meso diols by Yamamoto.
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as powerful hydrogen-bonding organic catalysts was recognized by Jacobsen and coworkers, who 
developed a set of thiourea catalysts that promote a range of diverse reactions with excellent 
enantioselectivities.111 The compatibility of thio(urea) with Lewis basic functionality was also 
demonstrated recently by Takemoto´s introduction of the cyclohexane based catalyst 69 (Figure 9), 
which promotes Michael-type and aza-Henry reactions with excellent selectivities.83,112 
 
 
 
 
 
 
The thiourea derivatives of cinchona alkaloids are structurally very interesting, as can be seen 
from Figure 10. The synthesis of these compounds is relatively simple, and they have been 
successfully applied in asymmetric transformations like the addition of malonates to nitroalkenes,113 
addition of nitromethane114 and malonates115 to chalcones, Friedel-Crafts –reaction of indoles with 
imines,116 conjugate addition of vinyl sulfones,117 and Mannich-reaction of malonates.118 The scope 
of reactions is summarized in Scheme 21.    
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Figure 9. The thiourea catalyst of Takemoto.
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Figure 10. Cinchona alkaloid (thio)urea derivatives.
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Scheme 21. The reaction scope catalyzed by (thio)urea derivatives of cinchona alkaloids (70).
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The mechanistic model proposed by Deng for the dual activation in conjugate additions by 
modified cinchona alkaloids (cinchona alkaloid ethers)84 was also extended to these (thio)urea 
cinchona derivatives.119 
 
1.2. New technologies in organic chemistry 
 
Chemistry has changed a lot since the days of Louis Pasteur and his contemporaries. Nowadays 
not only reaching 100% yield with 99.99% ee is important, but the last decade has seen a major 
growth in the aptly named ´green chemistry´, where research is striving towards cleaner, non-
hazardous and sustainable chemical processes. In 2005 Noyori identified the three key 
developments in green chemistry to be: 1) the use of supercritical carbon dioxide as a green solvent; 
2) the use of aqueous hydrogen peroxide for clean oxidations and 3) the use of hydrogen in 
asymmetric synthesis.120  
As discussed previously, the scope of non-toxic small organic molecules as catalysts 
(organocatalysis) has been expanded and at the same time there has been a surge in the popularity 
of alternative reaction media, such as supercritical CO2,121 ionic liquids122 or simply water.123 These 
substitutes circumvent the problems normally associated with the use of volatile organic solvents.124 
However, the best ´green´ alternative is of course not to use any solvent at all.125 In the following 
chapters two relatively new ´green´ technologies in organic synthesis will be presented, which were 
applied within the scope of this work in asymmetric catalysis. Namely the technique of ball milling, 
which potentially allows solid-solid reactions to be run in the absence of a solvent, and the use of 
microwave irradiation, a fast and clean method for heating and accelerating organic reactions. 
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1.2.1. Microwaves 
 
The traditional method for accelerating a reaction is to heat it. The scientific utensil for this, 
Bunsen-burner, has been mostly supplanted with oilbaths and heating plates but microwaves are 
becoming more and more popular as an efficient method for heating.126 The first observed 
acceleration of a simple chemical transformation was reported in 1986 by the groups of Gedye and 
Giguere/Majetich.127 The reactions, and the majority of the microwave chemistry that followed, 
were performed in simple domestic microwave ovens. In this early period of microwave chemistry 
the reactions were often difficult to reproduce and the poor control of reaction conditions, such as 
the microwave power, led to explosions due to uncontrolled heating. With the advent of specially 
designed microwave ovens for laboratory use these problems have been largely solved as the 
temperature, pressure and reaction time could be carefully controlled. There are even microwave 
reactors, where the reaction mixture can be simultaneously cooled to subambient temperatures and 
irradiated with microwaves. 
Microwave radiation is electromagnetic radiation, occurring at frequencies between 0.3 – 300 
GHz. The domestic microwave ovens, as well as the laboratory microwave reactors function at 2.45 
GHz (wavelength of 12.24 cm). This is to avoid disturbancies to mobile telephone and 
telecommunication frequencies. The energy of a microwave photon at this frequency is 0.0016 eV, 
too low to break chemical bonds and also lower than the energy of Brownian motion. From this 
follows clearly, that in contrast to UV radiation and radiation of the visible spectrum, microwaves 
cannot induce chemical reactions by direct absorption of energy.128 The acceleration of chemical 
reactions through microwaves is based on efficient energy transfer by dielectric heating. The 
electric component of an electromagnetic field induces heating mainly by dipolar polarization and 
ionic conduction. Through microwave irradiation, the ions or dipoles in a sample align themselves 
according to the electromagnetic field. This field oscillates and the dipoles or ions try to reorient 
themselves along the oscillating field. This in turn releases heat through molecular friction and 
dielectric loss. The microwave frequency of 2.45 GHz is perfect for heating, as should the 
oscillation be too slow, the molecules adjust themselves too fast. When the oscillation is too rapid, 
the molecules do not have time to realign themselves. In both cases, no heating would occur.  
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The heating characteristics of a certain material is represented by the dielectric loss coefficient 
(tan δ). It is formulated as: tan δ = ε´´/ε´ , where ε´´ stands for dielectric loss; the ability to transfer 
electromagnetic energy to heat; and dielectric constant ε´ equals the polarizability of a given 
molecule. A large tan δ value stands for quick heating under microwave conditions (strong 
microwave absorption). Strongly microwave absorbing solvents, for example, are ethanol and 
DMSO (represented by high tan δ values of 0.941 and 0.825, respectively), whereas DCM and 
toluene are almost invisible to microwaves (tan δ = 0.042 and 0.040, respectively). An illustrative 
example is shown in Figure 11. where the heating curves of water and dioxane are shown when 
they are being heated in a microwave.129 
 
 
 
 
 
 
 
 
 
Microwaves are known to accelerate many kinds of organic reactions, such as metal-catalyzed 
cross-couplings, nucleophilic aromatic substitutions, cycloadditions and the synthesis of 
heterocycles. Even some total syntheses have utilized microwaves, including the synthesis of (+)-
Plicamine by Ley, who combined polymer-supported reagents with microwaves.130 Organocatalytic 
processes can also benefit from microwave irradiation, as shown by Bolm in 2006 (Scheme 22).131 
The amount of proline in a proline-catalyzed asymmetric Mannich-reaction could be reduced to 0.5 
mol % in the presence of microwave irradiation. To give an overview of all microwave accelerated 
reactions would fill a book, so suffice to say that there are extensive reviews – and books – on the 
topic.132 
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Figure 11. The heating curves of water (upper) and dioxane(lower).
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Since the beginning of microwave assisted organic synthesis (nowadays termed as MAOS), there 
has been discussion about the reason behind the acceleration of reactions and the sometimes 
different distribution of products acquired. The existence of a so-called ´special´ microwave effect, 
an effect that can only be achieved with microwave irradiation, has been postulated as the reason 
behind these effects.133 Presently, the scientific community mostly agrees, that for the majority of 
reactions the reason for rate acceleration is purely a kinetic/thermic effect and that should a special 
nonthermal microwave effect exist, it is minuscule in magnitude and mostly obscured by thermal 
effects.  
The efficiency of microwave heating can be better understood by comparing the temperature 
profiles of both a microwave-heated and an oilbath-heated reaction. For example, a strongly 
absorbing medium, like methanol, can in a closed vessel be heated within seconds to temperatures 
way above the boiling point. Mingos and Baghurst134 have applied the Arrhenius-equation (k = A·e(-
∆G/RT)) and showed, that a reaction that needs 68 days to reach 90 % conversion at 27 °C, reaches 
the same conversion in 1.61 seconds when performed at 227 °C. Besides the simple kinetic/thermic 
effects, one can with microwave irradiation achieve so-called ´special thermal microwave effects´, 
which by normal heating remain unattainable. These include: 
 
a) The heating of a solvent (media) to temperatures higher than the boiling point. 
b) The selective heating in non-polar solvents by addition of strongly absorbing heterogenous  
    catalysts (like clay, ionic liquids). 
c) The occurrence of ´hot spots´, points where microscopic overheating occurs due to coupling of  
    certain molecules with microwave irradiation. 
d) ´Clean´ heating profiles (Figure 12), meaning that the whole solution is heated evenly, instead  
    of through temperature gradients as in oil-bath heating. Using an oil bath (or any other  
                                                
133
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Scheme 22. A three-component asymmetric Mannich-reaction using microwaves.
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    conventional heating method), first the reaction flask is heated, which then transfers the heat to  
    the solution.135 
 
 
 
 
 
 
 
      
 
 
 
 
 
 
 
Some authors argue for non-thermal microwave effects, reaction rate accelerations that cannot be 
explained via kinetic/thermal effects nor by the special thermal microwave effects. These might 
result from a direct interaction of the electric field with certain molecules, by dipolar orientational 
effects changing the activation energy ∆G,136 or the preexponential factor A in the Arrhenius 
equation.137 Towards the end of 1990s, there were many papers postulating for these special effects, 
but in most cases the reactions were either not reproducible because of the domestic microwave 
ovens used, or the postulations were disproved by careful studies with temperature control. 
Nevertheless, to the best of the author´s knowledge there are a few papers where the existence of a 
non-thermal microwave effect seems probable.138 The most interesting report was from Zhang 
(Scheme 23),138c where they studied a simple esterification of benzoic acid with conventional 
heating and under microwave irradiation. On the first glance there seems to be nothing special in 
the reaction, but a closer look reveals that the microwave irradiation had a frequency of 1 GHz. 
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Figure 12. Inverse temperature gradients while heating with 
microwaves or in an oilbath. Temperature profiles after 1 min of 
microwave irradiation (left) and in an oilbath (right). Microwave 
irradiation increases the temperature of the whole volume, 
whereas in the oilbath first the part of the reaction mixture that is in 
contact with the wall of the vessel is heated first.
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With this frequency no heating can occur, so only an athermal microwave effect is possible and, as 
can be seen from their results, a rate acceleration and an improvement of yield was observed.  
 
 
 
 
 
 
 
 
 
1.2.2.  Mechanochemistry 
 
The idea of crushing big particles into smaller ones is an age old invention and already the 
alchemists used a simple mortar and pestle to grind and mix their reactants. Ball milling is a modern 
technique based on this simple idea. In ball milling the milling vessel is filled with the material to 
be ground and the grinding medium (usually balls made of different materials). The vessel then 
rotates around a horizontal axis and an internal cascading effect grinds the material to a fine 
powder. High quality ball mills can grind material to particles as small as 0.0001 mm, thus 
enormously increasing surface area and reactivity. Nowadays this technique is used in industry to 
grind (or mix) materials like ores, ceramics, chemicals and paints. It is used, for example, in 
pyrotechnics to make black powder, as well as in the extraction of cacao butter.  
In 1984, Heinicke defined the concept of mechanochemistry as follows: “Mechanochemistry is 
the branch of chemistry, which studies the solid-state physical and chemical transformations, which 
are induced by the application of mechanical influence”.139 In inorganic chemistry 
mechanochemistry has been a long established branch and the technique of high-speed milling is 
widely used. The technique is crucial in the preparation of nanoscale powders and in the synthesis 
of new materials. For example, under ball milling conditions the normally inmiscible metals iron 
and indium, or bismuth and copper, can be made to melt together forming new alloys.140 During 
milling one metal lies in a molten form, and reacts with nanoscale particles of the other metal thus 
creating the alloy.  
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Scheme 23. Microwave effects by Zhang.
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Hydrogen is seen as one of the future fuel sources, but an efficient hydrogen storage method is 
required.141 Mechanochemistry can contribute here significantly to the solution, as through the 
application of mechanical milling the storage capacity of materials can be increased as well as the 
sorption kinetics.142 
In organic chemistry the use of mechanical milling is not so widespread. In the functionalization 
of fullerenes the use of a ball mill was found to lead to greatly improved yields, as well as 
sometimes completely unexpected products.143 As fullerenes are poorly soluble in most organic 
solvents, the functionalizations have to be run at high temperatures, using large quantities of 
solvent. For example the [2+2] cycloaddition of fullerene has been traditionally run 
photochemically or under high-pressure to produce the so-called fullerene polymers.144 Under these 
conditions, it is difficult to stop the reaction at the desired, like the dimeric, stage though. Komatsu 
reported, that the reaction proceeds smoothly in the solid stage using a high speed vibrational mill 
(HSVM)145 and KCN as catalyst to give the fullerene dimer C120 76 in ~30% yield (Scheme 24).146 
Interestingly, the same reaction in a liquid-phase leads only to the isolation of 75.  
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Scheme 24. Dimerization of fullerene in liquid phase (upper) and in a HSVM (lower).
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Later the same author reported the separation of novel functionalized fullerenes, which are not 
accessible via a liquid-phase reaction.147 The reason for these unexpected products was postulated 
to be simply the large number of C60 molecules in close proximity to the reaction intermediates, 
which in turn leads to  different reaction routes.   
In addition to fullerene functionalizations, there are reports of other solid-state reactions in a ball 
mill as well, for example protection of diamines,148 Heck-type cross couplings,149 oxidative 2-
naphthol dimerizations,150 the preparation of phosphorus ylides151 and the organocatalytic reductive 
benzylization of malononitriles (Scheme 25).152  
 
 
 
 
 
Interestingly, Bolm recently reported the first metal-free asymmetric reactions in a ball mill.153 As it 
is a part of this PhD work, it will be presented in more detail later.  
 
2. The research objectives 
 
Cinchona alkaloids as well as their many derivatives, like the Sharpless´ ligands, have proven to 
be very useful in a variety of transformations as presented in the previous chapters. Nevertheless, 
the trend in organocatalysis during the last years has been towards small effective, multifunctional 
molecules like the urea- and thiourea-derivatives of cyclohexane diamine (for example 69). As 
Bolm recently developed and reported an easy resolution of racemic trans-2-N-benzylamino-1-
cyclohexanol (and also of other amines) with either R- or S-mandelic acid, this provides an easy 
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Scheme 25. The solid-state reductive benzylization of malononitrile.
R
H
O
+ CH2(CN)2
N
H
COOEtEtOO
C +
Ball Milling, 90 min CN
CN N
COOEtEtOOC
+
77 78
R
79 80
1. Introduction 
 
 35 
access to large quantities of enantiopure trans-2-amino-1-cyclohexanol.154 This compound, and 
derivatives thereof, could be potentially used as organocatalysts, or as ligands in metal-catalyzed 
reactions. It was the target of this work to study and modify the amino alcohols and to apply them 
in asymmetric organic transformations. 
 
 
 
 
 
 
In the first part of this work, the ability of these amino alcohols to catalyze the well-known 
asymmetric alcoholysis of meso anhydrides was studied. The most efficient catalytic protocol thus 
far has been reported by Deng.55 Although the cinchona alkaloids themselves are readily available 
and inexpensive, the Sharpless ligands (23-26), although they can be recovered from the reaction, 
are relatively expensive and not so readily available. Therefore the suitability of Deng´s protocol for 
industrial applications is questionable. Also, (DHQ)2AQN has a molar mass of 857.03 g/mol, 
meaning that use of 10 mol % of catalyst on a 1 mmol scale requires already 86 mg of this 
compound. One can easily see the possible problems arising during upscaling.  
The amino alcohols were also tested in some other asymmetric transformations, which were 
chosen on the basis of their success with cinchona based ligands. It was hoped, that the catalysts 
would be applicable for a wide variety of different reactions with the potential for becoming 
privileged catalysts. 
 
In the second part of this work, the methodologies presented earlier (ball milling and microwave 
irradiation) were applied to the cinchona alkaloid mediated desymmetrization of meso anhydrides. 
It was envisioned, that organocatalytic processes could benefit from solvent-free conditions and for 
this an efficient mechanical mixing was required. Therefore the transformation was carried out in 
solid state in a ball mill.  
As the reaction is known to require subambient temperatures of –55 °C for high enantiomeric 
excesses and the reaction time in order to reach full conversion is 48-60 hours at this temperature 
(depending on the substrates) we wanted to accelerate this transformation. As described in Chapter 
1.2.1, microwaves are known to do exactly this. With the introduction of a custom made 
simultaneous cooling-microwave irradiation device, it was envisaged to apply simultaneously 
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Figure 13. The target amino alcohols to be used as organocatalysts.
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subambient temperatures (to reach high enantioselectivities) under microwave irradiation (to 
accelerate the reaction) for this transformation. 
 
In the third part of this work, the β-amino alcohols were subjected to some relatively simple 
organic transformations and a synthetic approach to previously inaccessible β-amino thio 
compounds was developed. These thiols and thioethers were then tested for their activity in the 
asymmetric transfer hydrogenation of prochiral ketones. 
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3. Results and Discussion 
 
3.1. Enantiopure β-amino alcohols 
 
The β-amino alcohol motif is very common in many biologically active compounds,155 such as 
antibiotics, alkaloids, enzyme inhibitors and β-blockers.156 Within the latter class of substances, for 
example, S-propranolol is a hypertensive drug,157 whereas the R-propranolol has a contraceptive 
effect.158 This again illustrates the need for enantiomerically pure compounds, and therefore, the 
demand of synthetic methodologies for obtaining them. 
 
 
 
 
 
 
 
 Furthermore, as shown in the introduction part of this work, one of the privileged classes of 
organocatalysts, cinchona alkaloids, are also β-amino alcohols. These compounds and their various 
derivatives have successfully been used as chiral mediators or ligands.  
Many existing routes to β-amino alcohols rely on the derivatization of naturally available 
enantiopure amino acids, limiting the number of accessible analogues.159 Alternative approaches 
include Sharpless´ asymmetric aminohydroxylation160 and stereoselective addition of several 
nucleophiles to α-aminocarbonyls,161 nitroalkenes,162 imines,163 epoxides,164 aziridines165 or cyclic 
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sulfates.166 Moreover, novel syntheses of vicinal amino alcohols by direct catalytic asymmetric 
Mannich-type reactions were developed by Shibasaki, Trost, List and Barbas.167 
 
3.1.1. Synthesis of cyclohexane-based β-amino alcohols 
 
Considering that vicinal diamines containing a cyclohexane backbone have very frequently been 
used in asymmetric catalysis,168 an interest arose for the corresponding amino alcohols. As a 
starting point for this study a facile access to 2-aminocyclohexanol was needed.169 Moreover, the 
chosen synthetic procedure had to meet three criteria: it had to be cheap, applicable in large scale 
and should yield the products in more than 99% ee. In general, three approaches are available for 
the synthesis of trans-2-aminocyclohexanols: 
 
a) Ring opening of cyclohexene oxide with a chiral amine resulting in diastereomers that can be  
    separated.  
b) Enantioselective opening of cyclohexene oxide with an appropriate nucleophile in the presence  
    of a chiral catalyst.  
c) Resolution of racemic compounds or related precursors.   
 
For example, as early as 1985, Overman described the aminolysis of bicyclic epoxides with an 
aluminium amide stemming from enantiomerically enriched methylbenzyl amine and 
                                                                                                                                                              
164
 For recent examples, see: a) D. Castellnou, L. Solà, C. Jimeno, J. M. Fraile, J. A. Mayoral, A. Riera, M. A. Pericàs J. 
Org. Chem. 2005, 70, 433. b) V. V. Samoshin, V. A. Chertkov, D. E. Gremyachinskiy, E. K. Dobretsova, A. K. 
Shestakova, L. P. Vatlina Tetrahedron Lett. 2004, 45, 7823. c) G. Bartoli, M. Bosco, A. Carlone, M. Locatelli, P. 
Melchiorre, L. Sambri Org. Lett. 2004, 6, 3973. d) M. Pastó, B. Rodríguez, A. Riera, M. A. Pericàs Tetrahedron Lett. 
2003, 44, 8369. e) B. Olofsson, U. Khamrai, P. Somfai Org. Lett. 2000, 2, 4087. 
165
 a) J. M. Yun, T. B. Sim, H. S. Hahm, W. K. Lee, H.-J. Ha J. Org. Chem. 2003, 68, 7675. b) H. Ohno, H. Hamaguchi, 
T. Tanaka J. Org. Chem. 2001, 66, 1867. c) G.-I. Hwang, J.-H. Chung, W. K. Lee J. Org. Chem. 1996, 61, 6183. d) T. 
Ibuka, K. Nakai, M. Akaji, H. Tamamura, N. Fujii, Y. Yamamoto Tetrahedron 1996, 52, 11739. e) H. Takeuchi, K. 
Koyama J. Chem. Soc., Perkin Trans. 2 1981, 121. 
166
 a) G. Y. Cho, S. Y. Ko J. Org. Chem. 1999, 64, 8745. b) H.-T. Chang, K. B. Sharpless Tetrahedron Lett. 1996, 37, 
3219. c) B. B. Lohray, J. R. Ahuja J. Chem. Soc., Chem. Commun. 1991, 95. d) B. B. Lohray, Y. Gao, K. B. Sharpless 
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trimethylaluminium.170 The resulting two diastereomeric amino alcohols could be easily separated 
by simple flash chromatography on silica gel. Unfortunately the amount of immediately available 
pure optically active material remained limited by this proceeding. Also the destruction of the chiral 
auxiliary during the deprotection of the amino group, which was necessary for providing the more 
modifiable free 2-aminocyclohexanol, appeared unfavourable for a general large-scale access to the 
desired product. Alternatively, Jacobsen and Nugent reported highly enantioselective opening 
reactions of cyclohexene oxide by azidosilanes catalyzed by chiral Zr(IV)/trialkanolamine and 
Cr(III)/salen complexes, respectively.171 Although the utility of these protocols is unquestionable 
and enantiomeric excesses of up to 93% ee were obtained, they do not reach the initially demanded 
criterium of enantiomeric purity, and furthermore, suffer from the necessity of an additional 
reduction step. A direct aminolysis of meso epoxides in the presence of catalytic amounts of 
Sc(OTf)3 and an enantiomerically pure 2,2'-bipyridine, leading to amino alcohols in high yields 
with up to 97% ee, was recently introduced by Schneider.172 Finally, Collin reported on 
enantioselective ring openings by aromatic amines catalyzed by lanthanide iodo binaphtholates.173 
However, in both of the latter protocols only moderate enantioselectivities have been observed for 
the cyclohexane substrate.174 
Despite these advances in asymmetric synthetic approaches towards enantiomerically enriched 2-
aminocyclohexanols, the great majority of methods for generating enantiopure derivatives is based 
on resolution processes of racemic starting materials. Surprisingly, enzymatic approaches have only 
scarcely been applied for cyclic β-amino alcohol syntheses on a useful laboratory scale,175 which is 
probably due to the often preparatively demanding proceedings and the comparatively high 
amounts of enzymes needed. Frequently, even excellent protocols such as the enantioselective 
acylation of tertiary 2-aminocyclohexanols by means of Pseudomonas cepacia, recently introduced 
by Gotor,175a are restricted to a narrow spectrum of substrates suitable for further derivatizations. 
Non-enzymatic approaches for the kinetic resolution of cyclic amino alcohols are e.g. Sharpless’ 
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asymmetric N-oxide formation and the organocatalytic acylation reaction of Kawabata.176 By 
running the reaction to 60-70% conversion both systems lead to high enantiomeric excesses of up to 
>99% ee in the remaining amino alcohol. Disadvantages here are the decrease in the yield of 
recovered substrate and the moderate ee of the product. Thus, the attention was turned to the 
classical resolution methodology, often  a valuable alternative in organic synthesis. 
 
Cyclohexene oxide (83) was opened with benzyl amine (84) simply by heating a 100:99 mixture 
of the two compounds overnight at 240 °C in an autoclave. Although there is a wide variety of 
promoters available for this transformation,177 the active catalysts are usually either expensive or 
not commercial, and the product often has to be purified via column chromatography. This is 
unwanted, especially in view of a large scale synthesis, and therefore, the autoclave-method was 
chosen. The mixture could easily be washed from the autoclave with DCM and evaporation of 
solvent and excess of cyclohexene oxide yielded racemic amino alcohol 85 in a quantitative yield 
without any need for further purification (Scheme 26). The resolution of enantiomers was 
accomplished by crystallization of the corresponding mandelate salts, using 0.5 equivalents of 
either (R)- or (S)-mandelic acid (method of half-quantities).178 When using 1.0 equivalents, no 
crystallization occurred. The precipitated mandelic acid salt (86 or 87) was separated and HPLC-
studies from the liberated amino alcohol showed the enantiomeric excess to be around 60% ee. 
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Two- to threefold recrystallization of this salt furnished the diastereomerically enriched [>99% 
diastereomeric excess (de)] compound, which after liberation of the amino alcohol provided 
enantiomerically pure 85 in high purity and a yield of 95%.  
The filtrate from the first precipitation contained the enantiomerically enriched opposite 
enantiomer (opposite in regard to the enantiomer obtained from the first precipitate, described 
above). Addition of 1 equivalent (according to the amount of this enriched enantiomer in the 
mixture) of the opposite mandelic acid, led to the precipitation of its salt. Treatment of this salt as 
the first precipitate furnished the opposite enantiomer of amino alcohol in more than 99% ee. The 
absolute configurations were confirmed by optical rotations and comparisons to the ones reported in 
literature. It was thus verified, that (R)-mandelic acid furnishes the amino alcohol (1S,2S)-85 and 
(S)-mandelic acid the opposite enantiomer (1R,2R)-85. 
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As a result, an access was developed for an easy, large-scale preparation of both of the 
enantiomers (1S,2S)-85 and (1R,2R)-85. Next, the corresponding analogues with a cis-configuration 
were chosen as targets. This was accomplished by the previously published protocol of Johnson and 
Schubert.179 Thus, either of the enantiomers of 85 was first converted to its benzoyl amide (88), 
followed by a treatment with thionyl chloride to give an oxazolinium intermediate 89 (Scheme 27). 
This was hydrolyzed by treatment of 6N HCl, yielding a ~8:1 mixture of the cis- and trans-isomers 
which could easily be separated by column chromatography. HPLC analysis revealed the desired 
product to be enantiomerically pure. 
 
 
 
 
 
 
Thus, an easy way was found to access the desired cis-amino alcohols. Next, in order to 
synthesize a small library of different tertiary amino alcohols starting from the enantiopure trans-85 
and cis-85, the latter were reacted with various mono- and dibromocompounds (Scheme 28). These 
compound, cis-91-95 and trans-92-93;95-98 were planned to be applied as catalysts or ligands in 
asymmetric organic transformations. 
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3.1.2. β-amino alcohols in the asymmetric aryl transfer reaction 
 
The first catalytic enantioselective transformation investigated with the above-mentioned amino 
alcohols was the asymmetric aryl transfer reaction, already thoroughly studied in the group of 
Bolm.180 The optimized protocol allows the generation of optically active diarylmethanols in high 
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yields with high enantiomeric excesses, catalyzed by a mixture of diethyl- and diphenylzinc. The 
catalyzed aryl transfer reactions were carried out under the previously optimized conditions, with 
10 mol % of the amino alcohol, p-chlorobenzaldehyde 99a as the test substrate and a 2:1 mixture of 
diethylzinc and diphenylzinc as the phenyl source.181 The results are summarized in Table 1.  
 
 
 
 
 
 
 
 
Table 1. The asymmetric aryl transfer catalyzed by amino alcohols.a 
 
Antry Amino alcohol Aldehyde Yield (%)b ee (%)c 
1 (1S,2S)-92 p-chlorobenzaldehyde (99a) 79 12 (S) 
2 (1R,2R)-97 p-chlorobenzaldehyde (99a) 59  6 (R) 
3 (1R,2R)-93 p-chlorobenzaldehyde (99a) 95 27 (R) 
4 (1R,2R)-96 p-chlorobenzaldehyde (99a) 82 44 (R) 
5 (1R,2R)-95 p-chlorobenzaldehyde (99a) 99 25 (R) 
6 (1R,2S)-92 p-chlorobenzaldehyde (99a) 75 60 (R) 
7 (1R,2S)-93 p-chlorobenzaldehyde (99a) 68 80 (R) 
8 (1S,2R)-94 p-chlorobenzaldehyde (99a) 73 65 (S) 
9 (1S,2R)-95 p-chlorobenzaldehyde (99a) 67 16 (S) 
10 (1S,2R)-93 p-methylbenzaldehyde (99b) 74 87 (S) 
11 (1S,2R)-93 p-methoxybenzaldehyde (99c) 80 87 (S) 
12 (1S,2R)-93 o-bromobenzaldehyde (99d) 84 79 (S) 
 
a
 All reactions were performed on a 0.25 mmol scale using 10 mol % of the corresponding amino alcohol, 0.65 eq of 
diphenylzinc and 1.3 eq of diethylzinc in toluene at 10 °C for 12 h. b After column chromatography. c Enantiomeric 
excesses were determined by HPLC analysis using a chiral stationary phase. 
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From the results can be seen, that the cis-amino alcohols are superior to their trans-analogues in 
terms of selectivity. This is in accordance with the fact, that open chain tertiary β-amino alcohols 
bearing an anti-configuration (corresponding to a cis-disubstitution pattern in the zinc chelate) are 
usually better ligands than the corresponding syn-stereoisomers.182 The best ligand was found to be 
(1R,2S)-93, affording alcohol (R)-100a in 68% yield and with 80% ee. Amino alcohol (1S,2R)-93 
was therefore chosen for briefly studying the scope of this reaction, using p-methyl-, p-methoxy-, 
and o-bromobenzaldehydes as substrates. All reactions proceeded smoothly, even with 2-
bromobenzaldehyde (99d, 84% yield, 79% ee), which is known to be a challenging substrate for 
this kind of transformation. The absolute configurations of the products are in accordance with the 
findings of Noyori, Pericas and others, who showed, that the absolute configuration of the resulting 
alcohols correlate with the configuration of the hydroxyl-bearing stereogenic center of the amino 
alcohol.182,183 Accordingly, in all experiments the 2-aminocyclohexanols with an (S)-configuration 
at C1 gave rise to (S)-diarylmethanols, whereas the (R)-amino alcohols furnished the (R)-
diarylmethanols. 
Since the addition of a small quantity of DiMPEG (polyethylene glycol dimethyl ether) can show 
a beneficial effect on the selectivity of the previous reaction,180a,b the effect of additives in the 
presence of three different phenyl sources was studied. As shown in Table 2, the addition of MAO 
(methylaluminiumoxane) led to a racemic product, whereas only in the case of triphenylborane as 
phenyl source addition of DiMPEG resulted in a slight increase in enantioselectivity (Entry 1 vs. 
entry 4.).  
 
Table 2. The study of additive effects in the asymmetric aryl transfer reaction.a 
 
Entry Protocol Additive Yield (%)b ee (%)c 
1 A MAO 52 rac 
2 A DiMPEG 69 11 
3 B - 76 63 
4 B DiMPEG 72 72 
5 C DiMPEG 62 49 
                                                                                                                                  
a
 All reactions were run on a 0.25 mmol scale using aldehyde 99a. Method A: use of 10 mol % of (1S,2R)-93 and 10 
mol % of additive, 0.65 eq of diphenylzinc and 1.3 eq of diethylzinc in toluene at 10 °C for 12 h. Method B: use of 1.0 
eq of triphenylborane and 3.0 eq of diethylzinc in toluene at 10 °C for 12 h. Method C: use of 2.4 eq phenylboronic 
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acid, 10 mol % DiMPEG (Mw = 2000 g/mol) in toluene (first at 60 °C for 12h, then at 10 °C for 12 h). b After column 
chromatography. c Enantiomeric excesses were determined by HPLC analysis using a chiral stationary phase. 
 
3.1.3. β-amino alcohols as catalysts in the desymmetrization of meso anhydrides 
 
Next, the attention was turned to the desymmetrization of meso anhydrides, a transformation 
already well-studied in the research group of Bolm. As previously mentioned, a catalytic version of 
this reaction using Sharpless´ biscinchona alkaloids has been developed by Deng.55 In addition, 
Bolm introduced a catalytic methodology using quinine or quinidine and stoichiometric amounts of 
an auxiliary achiral amine. Still, the development of a protocol for this asymmetric reaction, where 
small chiral organic molecules act as catalysts remains an attractive topic. It was envisioned, that 
the β-amino alcohols presented in the previous chapter could be effective in promoting this reaction 
(Scheme 30). 
 
 
 
 
 
 
 
For the development of the catalytic version it was chosen to test first amino alcohols (1S,2S)-92 
and (1S,2S)-95 as catalysts, as a large amount of them was already available and moreover, they 
could be synthesized in fewer steps than their cis-analogues. The desymmetrization of anhydride 27 
was at first conducted under the conditions originally reported by Bolm, using 1.1 eq of the 
corresponding amino alcohol with MeOH or BnOH as the nucleophiles in toluene at –55 °C 
(Scheme 31).  
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Scheme 30. The asymmetric anhydride opening catalyzed by small amino alcohols.
BnOH or MeOH
amino alcohol (10 mol %)
toluene,  _55 oC
27
32b: R = Me
32d: R = CH2Ph
O
O
O
COO-R
COOH
COOH
COO-R
+
32a: R = Me
32c: R = CH2Ph
Scheme 31. The asymmetric anhydride opening catalyzed by small amino alcohols at _55 oC.
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The result of this attempt was discouraging, as almost no conversion of the substrate was 
observed, neither with MeOH nor with BnOH. Some other of the amino alcohols shown in Scheme 
28 were also tested as mediators at –55 °C, but in general very low conversions were observed, 
even after 72 hours.  
Reactions conducted in the presence of 10 mol % of (1S,2S)-92 at –55 °C resulted, as expected, in 
no conversion. Surprisingly, the same reaction at room temperature afforded the product in the high 
yield of 87% and with a promising ee of 56%. This prompted the continuation of these studies. 
First, the reaction conditions were optimized. Studying the solvent effect, it was found that the best 
solvent was toluene, as noted for the cinchona alkaloid mediated reaction53a (Table 3). Other 
applicable solvents were trifluorotoluene and diethyl ether (Table 3, entries 5 and 7). Nevertheless, 
toluene was selected as the solvent of choice, as it is more easily available than trifluorotoluene and 
the enantiomeric excesses were slightly higher in toluene than in Et2O or in trifluorotoluene.  
 
Table 3. The solvent range tested for the catalytic asymmetric anhydride opening.a 
 
Entry Catalyst Solvent Yield (%) ee (%)b Product 
1 (1R,2R)-96 dioxane 14 53 32a 
2 (1R,2R)-96 MeCN 64 6 32a 
3 (1R,2R)-96 heptane 77 20 32a 
4 (1R,2R)-96 toluene 81 76 32a 
5 (1R,2R)-96 α,α,α-
trifluorotoluene 
89 70 32a 
6 (1R,2R)-93 toluene 73 70 32a 
7 (1R,2R)-93 Et2O 65 67 32a 
8 (1S,2S)-92 toluene 87 64 32b 
9 (1S,2S)-92 THF 80 47 32b 
10 (1S,2S)-92 CH2Cl2 79 34 32b 
a
 All reactions were run under following conditions: 1 mmol anhydride 27, 10 mol % of the amino alcohol, 3 eq of 
MeOH, 5 mL of the solvent, room temperature, 72 h. b The enantiomeric excesses were determined by a chiral GC 
analysis of the corresponding lactone. 
 
Next, some of the β-amino alcohols were tested for their activity and selectivity. In the initial 
screening the same conditions as for the solvent testing were used, and the amino alcohols included 
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some of the cis- and trans-amino alcohols shown in Scheme 28 (Chapter 3.1.1.). The results are 
summarized in Table 4.  
As can be seen from the results, the trans-amino alcohols are superior compared to their cis-
analogues in terms of selectivity. Cis-amino alcohols were quite active and produced good yields 
but the enantioselectivities were low. The best catalysts were compounds (1R,2R)-93 and (1R,2R)-
96, affording the product with an ee of 70% and 76%, respectively (Table 4, entries 6 and 7). A 
control experiment with quinidine as the catalyst (10 mol %) under the same reactions conditions 
led only to an ee of 60% (Table 4, entry 8). Reducing the catalyst amount decreased the yield only 
slightly, but the ee was clearly diminished (Table 4, entry 7 vs. entry 9). Interestingly, using an 
equimolar amount of the amino alcohol relative to the substrate led to an almost quantitative yield, 
but greatly reduced the enantioselectivities (Table 4, entry 10). 
 
Table 4. Initial screening of amino alcohols.a 
 
Entry Catalyst Yield (%) ee (%) Productb 
1 (1R,2S)-92 73 35 32a 
2 (1R,2S)-93 81 30 32a 
3 (1R,2S)-94 82 28 32a 
4 (1R,2R)-97 92 44 32a 
5 (1S,2S)-92 87 64 32b 
6 (1R,2R)-93 81 70 32a 
7 (1R,2R)-96 81 76 32a 
8 quinidine (14c) 95 60 32b 
9c (1R,2R)-96  77 67 32a 
10d (1R,2R)-92  93 45 32a 
a
 Reaction conditions as in Table 3. b The enantiomeric excesses were determined by a chiral GC-analysis of the 
corresponding lactone. c 3 mol % of catalyst was used. d 1.1 eq of the catalyst was used. 
 
Subsequently, reaction conditions were optimized and it was discovered, that cooling the reaction 
mixture resulted in an improvement in the enantioselectivity. The optimal temperature was found to 
be –15 °C, but the reaction times had to be prolonged from 72 h to 120 h. Temperatures lower than 
the above-mentioned value resulted in unsatisfying conversions, and the ee improvement was not 
drastic. Next, a second screening of the amino alcohols was initiated running the best catalysts from 
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the initial screening under these optimized conditions, as well as some others that had been 
synthesized.  
 
 
 
 
 
 
 
Table 5. The second screening of amino alcohols – with optimized conditions. 
 
Entry Catalyst Yield (%) ee (%) Productb 
1 (1R,2R)-93 80 81 32a 
2 (1R,2R)-96 83 82 32a 
3 (1S,2R)-95 34 - rac-32 
4 (1R,2R)-98 79 57 32a 
5c 
N
OMe
(1R,2R)-101
 
76 - rac-32 
6d 
N
Ph
OH
Ph
(S)-102
 
90 - rac-32 
7d N
OH
(1S,2R)-103
 
95 50 32a 
8e 
N
OH
(1R,2S)-104
 
71 23 32b 
a
 Reaction conditions as shown in Scheme 32. b The enantiomeric excesses were determined by a chiral GC-analysis of 
the corresponding lactone. c The catalyst (1R,2R)-101 was synthesized from (1R,2R)-93 by reaction with NaH and 
MeOH, toluene, _ 15 oC
amino alcohol (10 mol%)
120 h
27 32b
O
O
O
COOMe
COOH
COOH
COOMe
+
32a
Scheme 32. The optimal conditions for screening different amino alcohols.
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methyl iodide. See experimental section for more details. d The amino alcohols (S)-102 and (1S,2R)-103 were kindly 
provided by Dr. Lorenzo Zani.184 e The catalyst (1R,2S)-104 was synthesized from commercially available (1R,2S)-1-
amino-2-indanol, by reacting it with 1,5-dibromopentane. For more details, see experimental section. 
 
The best results in this second screening were obtained again with the amino alcohols (1R,2R)-93 
and (1R,2R)-96. Some interesting points to mention here are the entries 5 and 6 (Table 5). 
Methylating the hydroxyl functionality leads to a racemic product (Entry 5). Also removing the 
chirality from the hydroxyl-group bearing carbon leads to a racemic product (Entry 6). Both of 
these results indicate, that the selectivity of the reaction is strongly dependent on the stereogenic 
center bearing the hydroxyl group. Also it seems, that the absolute configuration of this carbon 
determines the absolute configuration of the product as the catalyst (1R,2R)-93 gives the same 
product, 32a, as catalyst (1R,2S)-93. Theoretical calculations are currently being conducted in order 
to find out more about the mechanism.185 
Next, the scope of the reaction with different anhydrides as well as with benzyl alcohol as 
nucleophile were briefly studied, and the results are summarized in Table 6 (Scheme 33). With 
anhydride 105 the catalyst (1R,2R)-93 afforded an excellent enantiomeric excess of 95% ee, both 
with MeOH and with BnOH (Table 6, entries 2 and 7). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                
184
 For experimental details, see: Dr. Lorenzo Zani, PhD dissertation at RWTH Aachen University, 2006. 
185
 The studies are being conducted by the group of Prof. Viktorya Aviyente, at the Bogaci University, Turkey. 
MeOH or BnOH, toluene,
_15 oC, amino alcohol 
(1R,2R)-93 (10 mol %), 120 hO
O
O
Scheme 33. The reaction scope.
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Table 6. The amino alcohol catalyzed desymmetrization of various anhydrides with MeOH and 
with BnOH.a 
a The reactions were conducted under following conditions, 1 mmol anhydride, 3 mmol of alcohol, 10 mol % of the 
catalyst in toluene at –15 °C. b The enantiomeric excesses were determined from the corresponding lactone by a chiral 
GC analysis. c Enantiomeric excess was determined by converting the product into its methyl(p-methylbenzyl) diester 
via DCC-coupling and analyzing the latter via chiral HPLC. d The absolute configuration of the product 111 is based on 
assuming a similar reaction pathway as for the other substrates.  
 
 
Entry Catalyst Anhydride Alcohol Yield (%) ee (%)b Product 
1 (1R,2R)-93 27 BnOH 69 83 32c 
2 (1R,2R)-93 
105
O
O
O
 
BnOH 
86 95 
(1S,2R)-106
COOBn
COOH
 
3 (1R,2R)-93 
107
O
O
O
 
BnOH 65 79 
(1S,2R)-108
COOBn
COOH
 
4 quinidine 27 BnOH 65 60 32c 
5 (1R,2R)-93 27 MeOH 74 82 32a 
6 (1R,2R)-93 
107
O
O
O
 
MeOH 69 74 
(1S,2R)-109
COOMe
COOH
 
7 (1R,2R)-93 
105
O
O
O
 
MeOH 77 95 
(1S,2R)-40b
COOMe
COOH
 
8d (1R,2R)-93 
110
O
O
O
 
MeOH 67 76c 
(2S,3R)-111
COOH
COOMe
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3.1.3.1 Acceleration by microwave irradiation  
 
In order to improve the enantioselectivity of the asymmetric anhydride desymmetrization, the 
temperature was lowered to –15 °C. This, in turn, prolonged the reaction times to 72-144 h, which 
is of course a disadvantage in this methodology, as a constant cooling of the reaction mixture is 
required for a long time. Therefore, it was decided to search for some means to accelerate the 
reaction. As already introduced in Chapter 1.2.1., microwaves are known to increase the rates of 
many chemical transformations. It was envisaged that this technology could also be used here to 
accelerate the desymmetrization. The problem in this case is, that microwave irradiated reactions 
are mostly accelerated by thermal effects, and already at 50 °C the ring-opening afforded the 
product almost in racemic form [4% ee with amino alcohol (1R,2R)-93]. Therefore, a way had to be 
found in order to simultaneously irradiate the mixture and to keep the temperature low. 
The concept of simultaneous cooling had already been introduced by CEM GmbH, where the 
reaction is irradiated with microwaves and the vessel is cooled by a stream of compressed air, thus 
allowing higher levels of microwave energy whilst maintaining the mixture at a particular 
temperature. Leadbeater has reported extensive studies towards the effect of this concept in 
different reactions and discovered that some transformations afford better yields with simultaneous 
cooling.186 One example of where a beneficial effect was observed, is the Diels-Alder cycloaddition 
(Scheme 34).  
 
 
 
 
 
 
In the transformation, higher yields were obtained with cooling than without. The effect was 
attributed to the instability of the product, which decomposes over time and at high temperatures. 
As a consequence, the simultaneous cooling could possibly help to extend the lifetime of the 
cycloaddition product. Nevertheless, cooling with the pressurized air would not be of help, as 
subambient temperatures would not be reached and towards this end, a glass apparatus to be 
mounted on the microwave reactor was designed as shown in Figure 15.187  
A thin reaction vessel containing the reaction mixture is inserted into a cooling finger which, in 
turn, is connected into a cryostat so that the reaction vessel is surrounded by the cooling fluid. The 
                                                
186
 N. E. Leadbeater, S. J. Pillsbury, E. Shanahan, V. A. Williams Tetrahedron 2005, 61, 3565. 
microwaves
Scheme 34. The Diels-Alder cycloaddition studied by Leadbeater.
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cooling fluid is a fluorinated silicon oil, which is essentially microwave transparent. A fiber-optic 
thermometer is placed into the reaction solution, which allows the constant and accurate monitoring 
of the reaction temperature in solution (the microwave oven´s IR thermometer measures only the 
temperature on the surface of the reaction vessel).188 The reaction vessel, although manufactured in 
as small scale as possible is still relatively large in volume, so the microwave-reactions had to be 
performed in 5 mmol scale using 20 mL of toluene. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The reactions were run using anhydride 27 (5 mmol) in toluene (20 mL), 3 equivalents of MeOH 
and 10 mol % of amino alcohol (1R,2R)-93 as catalyst. Everything, except methanol, was placed 
into the reaction vessel and the cryostat temperature was set to –60 °C. Microwave irradiation (150 
W) was initiated, during which a temperature increase was observed. The solution´s temperature 
stabilized at –22 °C. Then, irradiation was shortly paused, MeOH was added to start the reaction, 
and the irradiation was continued for the time desired. The reactions were run for two hours, after 
which 2 N HCl was added to quench the reaction mixture. After quenching, the mixture was 
warmed to room temperature and the product was isolated by means of a normal workup procedure. 
A control reaction was run using the same reaction vessel, the same scale and the same reaction 
temperature (set to –22 °C with the help of the cryostate and the fiber-optic thermometer). The 
                                                                                                                                                              
187
 The glass parts for this apparatus were kindly manufactured by H. Jussen. 
188
 It should be mentioned that shortly after these studies, the company CEM GmbH brought to market a Discovery 
Coolmate microwave oven allowing simultaneous cooling to subambient temperatures with microwave irradiation of 
the reaction mixture. The commercial microwave oven  is based on the same principle of function as our device. Soon 
thereafter some publications appeared utilizing the concept of simultaneous cooling to subambient temperatures with 
microwave irradiation: a) B. K. Singh, P. Appukkuttan, S. Claerhout, V. S. Parmar, E. Van der Eycken Org. Lett. 2006, 
8, 1863. b) M. Hosseini, N. Stiasni, V. Barbieri, C. O. Kappe J. Org. Chem. 2007, 72, 1417. 
Figure 15. A glass apparatus for reaching subambient temperatures 
whilst simultanoeusly irradiating with microwaves.
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results from this study are summarized in Table 7.189 In terms of yield, no effect, positive nor 
negative, was observed with microwave irradiation. Using microwaves the ee value was 7 percent-
units lower than without. Although the reactions were repeated in order to ensure reproducibility, 
without further studies it is difficult to say whether this decrease is due to an effect of microwaves, 
or due to an error in the temperature control, for example. Should there have been a major 
acceleration effect, this would have been an interesting step towards proving the existence of 
athermal microwave effects. 
 
Table 7. Simultaneous cooling/microwave irradiation in anhydride desymmetrization.a 
 
Entry Catalyst Microwave power Yield (%) ee (%)b Product 
1 (1R,2R)-93 150 W 23 73  32a 
2 (1R,2R)-93 - 24 80 32a 
a
 The reactions were conducted on a 5 mmol scale for two hours, as described in the text above. b The enantiomeric 
excesses were determined by a chiral GC analysis of the corresponding lactone. 
 
3.1.4. Testing the amino alcohols in other asymmetric transformations 
 
After having successfully tested the amino cyclohexanol derivatives as catalysts in the 
desymmetrization of meso anhydrides, the attention was turned to other asymmetric transformations 
that could be catalyzed by these compounds. Some preliminary tests were performed for reactions 
that were deemed to be easy to investigate without a need to synthesize complex starting materials 
or to further manipulate the catalysts. The results are summarized in the following sections.  
 
3.1.4.1 The asymmetric addition of thiols to cyclic enones 
 
One of the earliest asymmetric transformation catalyzed by cinchona alkaloids was the addition of 
thiols to cyclic enones reported by Wynberg. Therefore it was found appropriate to test the potential 
of the novel β-amino alcohols as catalysts for this same transformation (Scheme 35). The reaction 
was run using a catalytic amount (10 mol %) of the amino alcohol, mixing the reactants in toluene 
and stirring the solution overnight at room temperature. The products were isolated in low to good 
yields (Table 8) but either no or very low enantioselectivity was observed. 
                                                
189
 A similar set of reactions with and without microwave irradiation was run using 1.1 eq quinidine as chiral mediator. 
Also in this case no accelerating effect was observed, and the enantiomeric excesses with and without microwaves were 
3. Results and Discussion 
 55 
 
 
 
 
 
 
Table 8. The asymmetric addition of thiols to enones catalyzed by small amino alcohols.a 
 
Entry Catalyst Catalyst amount 
(mol %) 
Time (h) Yield (%) ee (%)b Product 
1 (1R,2R)-92 5 72 28 - 116 
2 (1R,2R)-92 20 72 75 - 116 
3 (1R,2R)-93 20 72 49 - 116 
4 (1R,2R)-96 5 72 8 - 116 
5 (1R,2S)-93 5 72 37 10c 116 
a
 Reactions were conducted in 1 mmol scale (of cyclohexenone) at room temperature. b The enantiomeric excesses were 
determined by chiral HPLC-analysis. c The absolute configuration of the product was not determined.  
 
3.1.4.2. The catalytic conjugate addition of α-phenyl-α-cyanoacetate to phenyl vinyl sulfone. 
 
Deng reported in 2005 the first highly enantioselective catalytic C-C-bond forming conjugate 
addition to vinyl sulfones catalyzed by cinchona alkaloid derivatives.79 The products, chiral 
sulfones, are versatile and unique intermediates in organic synthesis.190 The procedure of Deng is 
simple, consisting of mixing the reactants and 20 mol % of the appropriate catalyst in toluene and 
stirring at the desired temperature overnight (Scheme 36).  
 
 
 
 
 
 
                                                                                                                                                              
almost identical (2 percent-unit difference).  
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 N. S. Simpkins Sulphones in Organic Synthesis; Pergamon press: Oxford, 1993. 
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Scheme 36. The conjugate addition of α-phenyl-α-cyanoacetate to phenyl vinyl sulfone.
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Scheme 35. The conjugate addition of benzyl thiol to cyclohexenone.
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Following Deng´s protocol, the applicability of the chiral β-amino alcohols as catalysts in this 
transformation was tested. First, a control reaction proved that no conversion takes place without 
catalyst. For comparison, the quinidine catalyzed reaction reported by Deng was repeated providing 
the product 120 in very high yield but, as reported, in racemic form (Table 9, Entries 1 and 2). 
Then, tertiary amino alcohols (1R,2S)-93 and (1R,2S)-96 were tested as chiral mediators both in 
stoichiometric and in catalytic amounts. As Table 9 shows, tertiary amino alcohols in catalytic 
amounts led to no conversion under the conditions given in Scheme 36. On the other hand, use of 
equimolar amounts gave rise to good yields, but unfortunately, also to racemic products. Employing 
the secondary amino alcohol (1R,2R)-85 led to a good conversion, also when catalytic amounts 
were used, and even at –15  °C a yield of 75% (Table 9, entry 8) of 120 could be obtained, although 
only with a low selectivity of 6% ee. 
 
Table 9. The conjugate addition to vinyl phenyl sulfone catalyzed by amino alcohols.a 
 
Entry Catalyst Amount (eq) Yield (%) ee (%)b 
1 quinidine 1.1 99 rac 
2 quinidine 0.2 98 rac 
3 (1R,2R)-96 1.1 70 rac 
4 (1R,2R)-96 0.2 - - 
5 (1R,2S)-93 1.1 99 rac 
6 (1R,2S)-93 0.2 - - 
7 (1R,2R)-85 0.2 92 rac 
8c (1R,2R)-85 0.2 75 6 
9 (1R,2R)-101 0.2 90 rac 
a
 The reactions were run on 0.2 mmol scale (of sulfone 119) at room temperature. b The enantiomeric excesses were 
determined by means of a chiral HPLC analysis. The absolute configurations were not determined. c Reaction 
temperature was –15 °C. 
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3.1.4.3. The asymmetric Henry-reaction 
 
The enantioselective addition of a nitroalkane to a carbonyl compound, known as the Henry 
reaction, is a useful tool towards the construction of complex molecules.191 There have been several 
approaches to develop a catalytic version and useful methodologies utilizing bifunctional 
organocatalysts have been elaborated,192 in particular by Jacobsen and Takemoto, affording 
products in good yields and with selectivities of over 90% ee.112,193 Often this transformation has 
been accomplished using metal salts, such as Zn(OTf)2 or Cu(OTf)2, in combination with an 
organic base in a nonpolar solvent. It was decided to conduct the reactions using Zn(OTf)2 in the 
presence of a catalytic amount of some tertiary amino alcohols.  
 
 
 
 
 
The best results were obtained with the secondary amino alcohol (1R,2R)-85 (Table 10, entries 6, 
11-13) and although the products were usually isolated in moderate to good yields, the selectivity 
remained very low in every case. The reaction was not studied further, but it still might be possible 
to improve the enantioselectivity by varying the base or by conducting the reaction in toluene with a 
stoichiometric amount of MeNO2, instead of using it as the solvent. 
 
 
 
 
 
 
 
 
 
 
                                                
191
 For recent reviews, see: a) G. Rosini in Comprehensive Organic Synthesis, Vol. 2 (Eds.: B. M. Trost, I. Fleming, C. 
H. Heathcock), Pergamon, New York, 1991, pp. 321. b) F. A. Luzio Tetrahedron 2001, 57, 915. 
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 C. Palomo, M. Oiarbide, A. Mielgo Angew. Chem. 2004, 116, 5558; Angew. Chem. Int. Ed. 2004, 43, 5442. 
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Scheme 37. The asymmetric Henry-reaction catalyzed by metal salts in the presence of amino alcohols.
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Table 10. Studies towards the asymmetric Henry-reaction.a 
 
Entry Aldehyde Catalyst Amount (eq) Yield (%) ee (%)b Productc 
1 
99e
H
O
 
quinidine 1.5 44 rac 121a 
2 
99f
H
O
O2N
 
quinidine 1.5 59 5 121b 
4 99f quinidine 0.15 - - 
 
5d 99e 
(1R,2S)-122
N
Ph OH
Ph
 
1.5 28 rac 121a 
6 99e (1R,2R)-85 1.5 33 20 121a 
7 99e (1R,2R)-95 1.5 10 rac 121a 
8 99e (1R,2R)-96 1.5 2 rac 121a 
9 99e cinchonidine 1.5 45 rac 121a 
10e 99f (1R,2R)-85 1.5 78 4 121b 
11e 
99g
H
O
F
 
(1R,2S)-85 1.5 43 7 121c 
12e 
123
H
O
 
(1R,2R)-85 1.5 63 8 121d 
13e 
8
H
O
 
(1R,2S)-85 1.5 82 n.d.f 121e 
a
 The reactions were run on a 0.3 mmol scale (of the aldehyde), under the following conditions: stirring at –30 °C, using 
1 mL of MeNO2 as solvent, with 1 eq of DIPEA and 1 eq of Zn(OTf)2 for 24 h. b The enantiomeric excesses were 
determined with a chiral HPLC analysis of the products. c The absolute configurations were not determined. d The 
catalyst (1R,2S)-122 was synthesized from a commercially available (1R,2S)-1,2-diphenyl-2-aminoethanol and 1,4-
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 a) X. Xu, T. Furukawa, T. Okino, H. Miyabe, Y. Takemoto Chem. Eur. J. 2005, 11, 466. b) T. P. Yoon, E. N. 
Jacobsen Angew. Chem. 2005, 117, 470; Angew. Chem. Int. Ed. 2005, 44, 466. 
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dibromobutane. See experimental section for details. e Reaction time in was 48 h. f In this case no clear HPLC-analysis 
could be obtained due to a hardware problem. 
 
While running these experiments, organocatalytic metal-free methodologies had not been able to 
exceed an ee value of 54%.194 Shortly after our preliminary studies, a major leap in the 
organocatalytic Henry-reaction was achieved in 2006 by Hiemstra.195 They first reported an 
enantioselective nitroaldol reaction catalyzed by O-benzoylated cinchona alkaloids, affording 
modest selectivities of up to 35% ee. In 2006 they related the use of an improved O-benzoylated 
cinchona alkaloid derivative 124 in this transformation, affording high yields of up to 99% and 
remarkably high enantioselectivities of up to 91% ee (Scheme 36).196 Although the substrate scope 
was not broad, this protocol still was a major step in the development of a purely organocatalytic 
Henry-reaction.  
 
 
 
 
 
 
 
 
 
 
The β-amino alcohols were tested also as ligands in the metal-catalyzed direct addition of 
phenylacetylene to aldehydes (Scheme 39).197 Using 2-methylpropanal (123) as the substrate under 
the conditions described in Scheme 39, the resulting propargylic alcohol 126 was isolated in a low 
yield of 24%. The enantioselectivity was relatively high, 60% ee, though. Using a catalytic amound 
of the amino alcohol led to a yield of 16% but a clearly diminished enantioselectivity of 11% ee.  
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 a) Y. Misumi, R. A. Bulman, K. Matsumoto Heterocycles 2002, 56, 599. b) R. Chinchilla, C. Najera, P. Sanchez-
Agullo Tetrahedron: Asymmetry 1994, 5, 1393. c) M. T. Allingham, A. Howard-Jones, P. J. Murphy, D. A. Thomas, P. 
W. R. Caulkett Tetrahedron Lett. 2003, 44, 8677. 
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 T. Marcelli, R. N. S. Van der Haas, J. H. Van Maarseveen, H. Hiemstra Synlett 2005, 2817. 
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 T. Marcelli, R. N. S. Van der Haas, J. H. Van Maarseveen, H. Hiemstra Angew. Chem. 2006, 118, 943; Angew. 
Chem. Int. Ed. 2006, 45, 929. 
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 D. E. Frantz, R. Fassler, E. M. Carreira J. Am. Chem. Soc. 2000, 122, 1806. 
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Scheme 38. The asymmetric organocatalytic Henry-reaction by Hiemstra.
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3.2. Ball milling  
 
3.2.1 The solvent-free desymmetrization of meso anhydrides 
 
Nowadays, procedures have been developed that allow many classical reactions to be run under 
solvent-free conditions. This is not only environmentally friendly, but often simplifies also the 
work-up procedures. In most cases, though, solvent-free reactions have been reported, in which one 
or more reactants are liquids and used in excess. This means that the liquid component not only 
participates in the reaction, but also provides a liquid medium for the transformation. Reactions 
between only solid components are rare,198 and at the time of this research no asymmetric reaction 
between solids was known. This situation spurred the investigation of a solvent-free methodology 
for the desymmetrization of meso anhydrides, where already two components out of three (the 
alkaloid and the anhydride) are solids. 
As the target of the investigation was a purely solid state reaction, the nucleophiles affording the 
best enantioselectivities in the cinchona alkaloid mediated anhydride opening – MeOH and BnOH – 
were replaced by the solid p-methyl benzyl alcohol (127). For a thorough mixing of the solid 
reactants an efficient technology was required. After careful evaluation, the technique of ball 
milling was chosen, which is known to be efficient for the mixing of solids (Chapter 1.2.2). The 
very first test reactions were run in aluminium oxide ball milling vessels with a volume of 200 mL 
and with aluminium oxide grinding balls (with a diameter of 10 mm) on a 5 mmol scale (of 
anhydride 27, Scheme 40).199 
 
 
 
                                                
198
 See chapter 1.2.2. for the introduction to ball milling. In addition, there are reports of simple reactions where 
grinding the solid reagents together in a mortar affords the products often in very high yields, for some examples of this 
in an oxidative coupling of 2-naphtol, see: a) F. Toda,  K. Tanaka, S. Iwata J. Org. Chem. 1989, 54, 3007. b) D. 
Villemin, F. Sauvaget Synlett 1994, 435. c) D. Villemin, F. Sauvaget Synlett 1994, 435.  
199
 The author wishes to express thanks to Prof. Dr. H. Wotruba, Institute of Geology (Department of Mineral 
Processing) at the RWTH Aachen University for the generous use of their ball mill for these first test reactions. 
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Et3N (1.0 eq), Zn(OTf)2 (1.0 eq)
Scheme 39. The metal-catalyzed addition of phenylacetylene to aldehydes.
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As the anhydride 27 in this first test was converted into product 128a (quinidine-mediated) in a 
promising yield of 61% and with remarkably high 60% ee, the methodology was researched in 
more detail with an apparatus more suitable for organic synthesis. The reactions described below 
were conducted in a commercial planetary ball mill (“Pulverisette 7” from Fritsch GmbH). The 
milling vessels were appropriately smaller, 45 mL in volume, and both vessels and the grinding 
balls (60 / reaction vessel) were made of nonreactive and nonabrasive zirconium oxide. ZrO vessel 
and balls were preferred to the cheaper stainless steel alternative due to following considerations:  
 
a) Steel vessels contain metals which could influence the reaction (stainless steel is a ferrous 
alloy, consisting of iron, chromium, nickel, as well as other metals, depending on the type of 
stainless steel) . 
b) Steel vessel would be more prone to heating during the reaction, which was unwanted as 
lower temperatures led to higher enantiomeric excess in the transformation performed with 
solvent. 
c) Use of stainless steel vessels can theoretically lead to explosions by generation of sparks, 
when the grinding balls hit the vessel walls.  
 
After some experiments, the optimal reaction conditions were found to be: milling speed 250 rpm; 
milling cycle: 25 min milling followed by a 5 min break. The milling cycle was repeated until the 
reaction was found to be complete (usually 24 hours). Under these conditions, employing quinidine 
as the chiral inductor, anhydride 27 was converted into the hemiester 128a in 91% yield and 61% 
ee, the first asymmetric reaction between only solid reactants conducted in a ball mill (the 
corresponding control reaction in toluene with the same substrates and promoter at room 
temperature for 24 h gives 71% yield and 83% ee). When milling speed was increased, the 
enantioselectivity was lower. On the other hand, lowering the milling speed led to a slower 
conversion of reactants into the product and slightly higher enantiomeric excesses. The 5 min pause 
quinidine or quinine (1.1 eq),
127 (3.0 eq),
ball milling
27 128a (with quinidine)
O
O
O
COO
COOH
Scheme 40. The asymmetric anhydride opening in a ball mill.
+
COOH
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at the end of a milling cycle is recommended by the manufacturer to prevent overheating, and 
accordingly, it was found that without a break between the cycles the enantioselectivities were 
lower.  
These findings are attributed to the fact, that as the rotational speed of the ball mill increases, the 
grinding balls hit each other and the walls of the vessel more frequently, leading to an increased 
temperature, which, in turn, lowers the enantioselectivity of the reaction. The temperature inside the 
milling vessel is difficult to determine, as there is no reliable method to measure it during a 
reaction. Also the balls hitting each other, vessels and the reactants can generate so-called ´hot 
spots´, where at one given space, the temperature and the pressure can increase tremendously for a 
very short period of time. One can make educated guesses about the temperature, though. Because 
at 60 °C the reaction – in toluene or under solvent-free conditions – leads to a racemic product, it 
can be assumed that the temperature inside the vessels should be only slightly above ambient 
temperature, otherwise a much lower ee should be observed. Next, the substrate scope for this novel 
methodology was determined with a variety of alcohols – liquid as well as solid ones – (Table 11) 
and with a variety of anhydrides (Table 12). 
 
 
 
 
 
 
The normal workup procedure for the reaction involving non-volatile alcohols consists of a 
tedious extraction sequence in order to remove the excess alcohol (3 eq used initially). Using 
equimolar amounts of alcohol in liquid-phase leads to unsatisfactory conversions, therefore making 
it necessary to prolong the reaction times. Interestingly, in a ball mill equimolar amounts of the 
reactants could be used without any loss in yield (Table 11, entry 1 vs entry 2). This is probably due 
to a more effective mixing of the reactants and to the fact, that the concentration of reactants is 
simply higher in a ball mill and the reactants are at a close proximity to each other.  
Due to this improvement, it was possible not only to reduce the quantity of alcohol needed, but in 
many cases to avoid the need for a tedious extraction sequence and column chromatography (Table 
11, entries 2-4 and 6) as the products were immediately isolated in analytically pure form.200 The 
lower yields when using liquid reactants, MeOH and i-PrOH, are probably due to a partial 
evaporation of these alcohols (Table 11, entries 8 and 9). On the other hand, the reduced 
quinidine (1.1 eq),
R-OH (1.0 eq),
ball milling
27 32b, 128a, 133a-137a
O
O
O
COOR
COOH
Scheme 41. The asymmetric anhydride opening in a ball mill, alcohol scope.
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enantioselectivities in these entries are likely to be due to the alcohol being a liquid and thus 
participating in the reaction as a solvent. The transformation in liquid phase is known to produce the 
best enantioselectivities in nonprotic apolar solvents, such as toluene.  
 
Table 11. Testing different alcohols in the desymmetrization of meso anhydrides in ball mill.a 
 
Entry Alcohol Yield (%) ee (%)b Producte 
1c 
127
OH
   
 
91 61 (2R,3S)-128a 
2 127 91 60 (2R,3S)-128a 
3d 127 91 45 (2R,3S)-128a 
4 
129
OH
O2N
 
88 40 (2R,3S)-133a 
5 
130
OH
MeS
 
85 55 (2R,3S)-134a 
6 
131
OH
Br
 
92 64 (2R,3S)-135a 
7 
132
OH
 
75 50 (2R,3S)-136a 
8 MeOH 77 51 (2R,3S)-32b 
9 iPrOH 59 13 (2R,3S)-137a 
10 tBuOH n.d. n.d. - 
a
 Typical reaction conditions: A ball milling vessel was charged with 1 mmol of anhydride 27, 1 mmol of alcohol, 1.1 
mmol of quinidine and ball milled for 24 h (250 rpm, cycle: 25 min milling, 5 min break). b The enantiomeric excesses 
were determined by a chiral GC of the corresponding lactones. c 3 equivalents of the alcohol were used. d 5 mmol scale 
reaction. e The configuration of the products was found to be consistent with the reaction in liquid phase. In the case of 
anhydride 27, a quinidine-mediated reaction affords the (2R,3S)-configuration whereas quinine affords the opposite 
(2S,3R)-configuration. 
                                                                                                                                                              
200
 The lower than quantitative yields are probably due to losses while washing relatively small amounts of reactants 
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 The bulky tBuOH afforded no product (Table 11, entry 10) and did not react in toluene either. 
The scaling-up of the reaction was successful: Using 5 mmol of anhydride 27 with 5 mmol of 
alcohol 127 afforded the product in unchanged yield, but with a slightly lower enantioselectivity of 
45% ee (Table 11, entry 3). This is presumably due to the fact, that there is simply more material in 
the ball milling vessel, leading to an increased friction, which in turn leads to a higher temperature 
inside. While scaling up, either increasing the vessel volume, or reducing the amount of grinding 
balls would most likely solve this problem. 
The opening of a variety of different anhydrides with 127 yields similar results as the previous set 
of experiments (Table 12). Again, only one equivalent of p-methyl benzyl alcohol was enough to 
afford good conversions. Interestingly, anhydride 140 with a larger ring size did not react at all 
(Table 12, entry 8). The anhydride does not react in toluene either (control reaction at room 
temperature) utilizing the protocol of Bolm, but as mentioned in Chapter 1.1.1.1. Deng succeeded in 
opening it with his protocol. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                                                                              
from a relatively large surface area. 
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Table 12. The desymmetrization of various meso anhydrides in ball mill.a 
 
Entry Anhydride Yield (%) ee (%)b Product 
1 
27
O
O
O
 
91 60 (2R,3S)-128a 
2c 
O
O
O
 
110 
78 32d (2R,3S)-141a 
3 
138
O
O
O
 
89 57 (2R,3S)-142a 
5 
35
O
O
O
 
91 26 (1R,2S)-143a 
6 
105
O
O
O
 
90 55 (1R,2S)-144a 
7 
139
O
O
O
 
84 46 (1S,2R)-145a 
8 
140
O
O
O
 
–
 
– – 
a
 Typical reaction conditions: A ball milling vessel was charged with 1 mmol of anhydride, 1 mmol of alcohol, 1.1 
mmol of quinidine and ball milled for 24 h (250 rpm, cycle: 25 min milling, 5 min break). b The enantiomeric excesses 
were determined by chiral GC from the corresponding lactones. c The configuration of the product 141a is based on 
assuming a similar reaction pathway than for the other substrates. d The enantiomeric excess was determined by chiral 
HPLC-analysis after conversion of 141a to its methyl(p-methylbenzyl)diester via DCC-coupling. 
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To assess the efficiency of the ball milling technology, it was tried to conduct the solid state 
reaction in a round bottomed flask with a big stirring bar (Scheme 42).  
 
 
 
 
 
 
 
The enantioselectivities were higher (temperature effect), but the yields were generally low 
(between 15-40%) and difficult to reproduce. Interestingly, when conducting the reaction thus, after 
approximately 10 minutes the dry, powderous reactants started to look as if they were slowly 
melting. After some more time, the whole reaction mixture had become a sticky paste and the 
stirring bar was hardly moving. On one hand, this is probably the reason behind the low and non-
reproducible yields and on the other, it proves the superiority of the ball-milling technique in 
conducting this kind of solid-state transformation. Recently, a study was published that reviewed 
some reactions that have been reported to proceed between only solid reactants. The thorough study 
showed, that in most reactions involving only solid components a eutectic mixture, a so-called solid 
melt, is formed and that this is a prerequisite for the success of these solid-state reactions.201 The 
above-mentioned observation of a sticky paste in the anhydride desymmetrization is such a solid 
melt. 
Finally, a catalytic version of the reaction was attempted. Use of Deng´s protocol in a ball mill 
with 10 mol % of the Sharpless ligand (DHQ)2AQN as catalyst and with MeOH and p-
methylbenzyl alcohol (127) as nucleophiles (Table 13). This approach led to good yields of 57% 
and 90% and low enantiomeric excesses of 5% and 15% ee, respectively (Table 13, entries 1 and 2). 
In comparison, the corresponding reactions in toluene at room temperature afforded comparable 
selectivity (Table 13, entries 3 and 4), but the yield was in the case of 127 as nucleophile much 
lower (Table 13, entry 1 vs. entry 3).  Next, an experiment conducted with 10 mol % of amino 
alcohol (1R,2R)-93 as the catalyst led to 16% ee and 91% yield (Table 13, entry 6). Generally, the 
enantioselectivities were low. 
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 G. Rothenberg, A. P. Downie, C. L. Raston, J. L. Scott J. Am. Chem. Soc. 2001, 123, 8701. 
quinidine (1.1 eq),
127 (1.0 eq),
stirring
27 128a
O
O
O
COO
COOH
Scheme 42. The asymmetric anhydride opening with a stirring bar.
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Table 13. Attempting a catalytic version of the anhydride desymmetrization in a ball mill.a 
 
Entry Catalyst Alcohol Yield (%) ee (%)b Product 
1 (DHQ)2AQN   127 90 15 (2R,3S)-128a 
2 (DHQ)2AQN MeOH 57 5 (2R,3S)-32b 
3c (DHQ)2AQN   127 32 22 (2R,3S)-128a 
4c (DHQ)2AQN MeOH 75 18 (2R,3S)-32b 
5 quinidine 127 31 18 (2R,3S)-128a 
6 (1R,2R)-93 127 91 16 (2S,3R)-128b 
a
 Reactions were conducted using 1 mmol of anhydride 27, 1 eq of the alcohol indicated in the table and 10 mol % of 
the catalyst indicated. The milling cycle and reaction time were as described in Table 12. b The enantiomeric excesses 
were determined by a chiral GC analysis of the corresponding lactones. c For comparison, the reactions in 5 mL toluene 
at room temperature. 
 
3.2.2. The solvent-free synthesis of α-amino acids in a ball mill 
 
Given the interesting results obtained in the asymmetric opening of meso anhydrides, it was 
decided to find further applications for the ball milling technology. Therefore, studies towards the 
solvent-free solid-state synthesis of α-amino acids were started within the limits of the this work. 
Condensation of NaCN, ammonium chloride and an aldehyde to form α-amino nitriles, followed by 
acidic hydrolysis affords α-amino acid is known as the Strecker-reaction, and it is not only the 
oldest known synthesis of α-amino acids, but also the most practical and economically feasible one 
on laboratory and on industrial scale.202 There has been considerable interest in extending this 
reaction towards the selective production of optically active α-amino acids, in particular 
nonproteinogenic amino acids.203 The importance of the latter compounds is increasing, as they are 
often used as key building blocks for the synthesis of pharmaceuticals and several approaches 
towards their preparation, including e.g. biocatalytic routes204 as well as the metal-catalyzed 
hydrogenation of enamides, have been developed.205 A modification of the Strecker synthesis, 
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 For an overview about the stereoselective synthesis of α-amino acids in general see: a) R. O. Duthaler Tetrahedron 
1994, 50, 1539. b) R. M. Williams, J. A. Hendrix Chem. Rev. 1992, 92, 889. For a review on stereoselective Strecker-
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utilizing (NH4)2CO3 instead of NH4Cl, is known as the Bucherer-Berg reaction.206 This reaction 
gives stable hydantoins like outlined in the Scheme 43 and the produced heterocycles can be easily 
hydrolyzed to the corresponding α-amino acids by treatment with aqueous NaOH. This 
transformation was chosen as the starting point for the amino acid synthesis in a ball mill. 
 
 
 
 
 
 
 
The reaction without solvent using only solid reactants starting from p-nitro benzaldehyde (99f), 
NaCN and (NH4)2CO3 was run in the ball mill applying the same milling cycle as described in the 
previous chapter for the anhydride desymmetrization. Trying to carry out a similar workup as in the 
liquid-phase reaction (evaporation of solvent, addition of conc. HCl, and cooling to 0 °C)207 did not 
lead to a precipitation of the desired product. Dissolving the solid residue in MeOH and subsequent 
column chromatography resulted in the isolation of many products showing similar NMR-spectra. 
None of them could be reliably identified as the desired hydantoin, though. In a second attempt, 
solid NaOH was added to the reaction after the first ball milling session (14 h) was complete, and 
the resulting mixture milled for a further 4 hours. This resulted in the formation of a black solid, 
that was not soluble in the most common organic solvents and whose composition could not be 
determined by classical spectroscopic techniques.  
As a consequence, another approach was devised. Instead of using ammonium carbonate, it was 
decided to return to the original Strecker reaction and NH4Cl, instead of (NH4)2CO3, was chosen. 
The liquid p-methoxybenzaldehyde (99c) was selected as the first test substrate. After ball milling, 
a distinct colour change in the reaction mixture from colourless reactants to reddish-brown was 
observed. Following a literature workup procedure,208 a precipitate was formed and identified as the 
desired amino cyanide 147. The reaction was conducted again with a solid substrate, 2-
naphthaldehyde (99h). Once again, the desired product 149 was isolated, in 44% yield. Reaction 
with the p-nitrobenzaldehyde (99f) led also to a precipitate after workup, but it could not be 
identified by means of NMR- or by MS-spectroscopy.  
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Scheme 43. The synthesis of α−amino acids in a ball mill - first attempt.
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The isolated amino cyanides 148 and 150 were hydrolyzed to the corresponding α-amino acids in 
quantitative yields using aqueous HCl and it was shown that α-amino acids can be synthesized in a 
ball mill using only solid reagents in moderate yields. It can be anticipated that the efficiency of the 
process will be improved, by prolonging the milling time or changing the reactant ratios. This 
would open a way for an enantioselective amino acid synthesis in the ball mill, providing a suitable 
chiral inductor is found. 
 
3.3. The synthesis and applications of β-amino thiols 
 
3.3.1. The synthesis of enantiopure β-amino thiols 
 
During the studies on the synthesis and applications of β-amino alcohols the potential of their 
sulfur analogues was considered and surprisingly discovered, that the β-amino thiols are not 
commonly applied as ligands in asymmetric catalysis. Among the factors responsible for this 
limited use, is perhaps the fact, that they are malodorous, and that many free thiols are prone to 
oxidize in air to the corresponding disulfides. Although there are quite a few reports on the use of 
NH4Cl (10 eq), 
NaCN (2.5 eq),
ball milling, 15 h
99c
147
Scheme 44. The synthesis of α-amino acids in ball mill.
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N,S-chelates in asymmetric catalysis,209 they mostly refer to the employment of thioethers and the 
use of free thiols is not so common. The few applications described in literature consist mostly of 
the addition of diethylzinc,210 alkenylzinc211 or alkyllithium212 reagents to aldehydes. Thus it was 
decided to investigate these compounds more closely as potential ligands and/or organocatalysts 
and as a consequence, two main targets for our research were envisioned: 
 
a)  As the first target the sulfur analogues of the previously described cyclohexane-based tertiary 
amino alcohols were chosen, in order to use them as catalysts in the anhydride 
desymmetrization and compare them to their amino alcohol analogues. 
b) As the second target the sulfur analogues of some cyclohexane-based secondary amino 
alcohols were chosen, that were earlier successfully applied in the asymmetric transfer 
hydrogenation of prochiral ketones.154 
 
Although it is known, that the opening of thiiranes with amines suffers from low to modest 
yields213 and requires high temperatures or an activation by a thiophilic metal cation,214 the first 
approach was to synthesize the sulfur analogues in a similar way as the amino alcohols in Scheme 
26. By taking cyclohexene sulfide (151) as the starting material, an attempt was made to open it 
with benzylamine and subsequently resolve the resulting racemic mixture with (R)- or (S)-mandelic 
acid – analogously to what was done with the amino alcohols (Scheme 45).215 Unfortunately, this 
approach turned out not be applicable.  
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The ring-opening with benzylamine did not proceed as readily as with cyclohexene oxide, and a 
mixture of eight different products (according to TLC-analysis) was obtained. Therefore, another 
approach was devised for the preparation of the target compounds.  
 
 
 
 
 
 
Having an access to large amounts of enantiopure trans-2-N-benzylamino cyclohexanol (85) 
(from the resolution process described in Chapter 3.1.1.), this was chosen as a starting material in 
the synthesis. The general strategy was to protect the amine, convert the hydroxyl group into a good 
leaving group, and replace it via an SN2-reaction with a suitable sulfur nucleophile (Scheme 46). 
As a protecting group, first the Cbz-group was introduced with the underlying idea that after the 
nucleophilic attack, both the Cbz and the benzyl group could easily be removed by hydrogenation, 
and the resulting free amino group then derivatized further. The protection step and the subsequent 
mesylation were both successful, and the compound 154a was isolated in a good yield of 92% (after 
two steps). As the nucleophile, sodium thiomethoxide (NaSMe) was initially chosen. Under 
standard conditions (DMF, 90 °C) the desired product could not be obtained, but instead a white 
solid that was identified to be 156. An analogous result was procured when the Boc-protection 
group was used instead of Cbz (Scheme 47). 
 
 
 
 
1) Bn-NH2, heating
2) Resolution with
    mandelic acid
151 trans-152
Scheme 45. The first attempt towards β-amino thiols.
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Scheme 46. The synthesis of  β−amino thiols - the second approach.
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Following this setback, it was decided first to hydrogenate the amino alcohol  (1R,2R)-85 to the 
free amine (1R,2R)-90 and then to protect it with either Cbz or Boc, followed by mesylation and 
nucleophilic attack by NaSMe (Scheme 48). 
 
 
 
 
Both the Cbz- and Boc-protected compounds (1R,2R)-158a and (1R,2R)-158b were obtained in 
good yields (92% and 88%, respectively, after 3 steps). The nucleophilic attack with NaSMe 
afforded in the case of (1R,2R)-158a again an unwanted bicyclic oxazolidinone product. Reactions 
at lower temperatures produced no conversion. With the Boc-protected compound (1R,2R)-158b the 
reaction was first tried at 50 °C bringing forth the desired product in a low yield (35%). By raising 
the reaction temperature to 90 °C, the product was obtained in a good yield of 84% with only traces 
of the oxazolidinone byproduct (Scheme 49). The former product was thought to be the desired 
enantiopure (1S,2R)-159, but derivatizing it further to 160 and subsequent HPLC analysis of this 
compound proved it to be racemic.  
 
 
 
 
 
 
155
Scheme 47. The synthesis of β−amino thiols - the isolation of a bicyclic oxazolidinone.
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Scheme 48. The synthesis of β−amino thiols - the third approach.
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Scheme 49. The synthesis of 159 and the verification of its enantiopurity via derivatization.
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The reason for the observed behaviour is probably that the MeS- is too strong a base for this 
reaction. It first deprotonates the carbamate nitrogen, which then undergoes a ring-closure to a meso 
aziridine intermediate 161. This is opened by the thiomethoxide anion to give racemic 159 (Scheme 
50).  
 
 
 
 
 
 
 
 
 
Other sulfur nucleophiles were also tried, such as benzyl thiol, thioacetic acid and NaSH·H2O. 
None of them furnished to the desired product, although some conversion was observed. Finally, 
potassium thioacetate was tested and this led to a smooth conversion to the product (1S,2R)-162 
(Scheme 51). Large scale synthesis and purification of this compound was found to be quite simple, 
as it is relatively insoluble in diethyl ether. Therefore, after evaporation of DMF the reddish-brown 
residue can be washed several times with Et2O and then decanted, yielding the pure (1S,2R)-162 as 
a white solid. The yield could be further improved by chromatographic purification of the Et2O 
fractions.  
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 50. The reaction with NaSMe.
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Scheme 51. The reaction with potassium thioacetate.
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Now that a functional synthetic route to the enantiopure (1S,2R)-160 was found, several possible 
derivatizations could be envisioned. In literature it is reported, that the –SCOCH3 group can be 
hydrolyzed to the free thiol by a basic treatment,216 or reduced with AlH(iBu)2,217 hydrazine,218 or 
LiAlH4.219 Further elaboration of the free thiols by deprotection and amine alkylation could lead to 
the synthesis of secondary and tertiary amino thiols and thioethers. The other way round, the amine 
could be first deprotected and alkylated, followed by thioacetate reduction and derivatization, 
leading to the same products.  
 
 
 
 
 
 
 
 
 
At this stage, considering that the primary targets of this study were the sulfur analogues of the 
previously synthesized tertiary β-amino alcohols, the second route – amine deprotection followed 
by reduction – was chosen. 
TFA was initially chosen as the deprotecting agent and the reaction afforded a dark brown oil, 
which was identified to be the TFA-salt (1S,2R)-163 (Scheme 53). To the author´s surprise, when 
(1S,2R)-163 was subjected to a simple basic extraction in order to recover the free amine (1S,2R)-
164, the procedure afforded a mixture: the desired amine (in a very low yield) alongside with an 
unidentified compound. Initially, the free amine was thought to be unstable under such basic 
conditions and therefore, it was tried to directly convert the TFA-salt to the tertiary amino thiol by 
treatment with 1,5-dibromopentane in the presence of excess K2CO3. The reaction was unsuccessful 
and compound (1S,2R)-165 was recovered instead (Scheme 53). This prompted a more detailled 
look into what happens, when salt (1S,2R)-163 is treated with a base.  
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Scheme 52. The possible derivatization routes of (1S,2R)-162.
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Although the –SCOCH3 can be hydrolyzed to thiol upon base treatment,208 in the NMR of the 
unknown compound the signals corresponding to a carbonyl and a methyl group could be observed. 
The 13C chemical shift of the carbonyl peak was in the region of an amide. With the help of the 
related MS-spectrum it was found, that under basic conditions (1S,2R)-164 undergoes an acetyl-
migration to form the amide (1S,2R)-167 (Scheme 54). The TFA-salt is at first neutralized to give 
the free amine (1S,2R)-164, which slowly undergoes the above-mentioned migration, presumably 
through the cyclic intermediate (1S,2R)-166. A literature precedent corresponding to a similar 
rearrangement could eventually be found.220,221  
                                                
220
 M. A. Poelert, R. P. Hof, N. C. M. W. Peper, R. M. Kellogg Heterocycles 1994, 37, 461. 
221
 Actually thioacetic acid has been used as an acetylating reagent with diazocompounds: a) B. Kuberan, S. A. 
Sikkander, H. Tomiyama, R. J. Linhardt Angew. Chem. 2003, 115, 2119; Angew. Chem. Int. Ed. 2003, 42, 2073. And 
with azides: b) N. Shangguan, S. Katukojvala, R. Greenberg, L. J. Williams J. Am. Chem. Soc. 2003, 125, 7754. 
Scheme 53. The Boc-deprotection of (1S,2R)-162.
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Scheme 54. The Boc-deprotection - a closer look.
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The migration was found to take place upon treatment with aqueous NaOH, but Et3N in refluxing 
MeCN afforded the best yields (63%). Interestingly, reacting (1S,2R)-162 with benzylamine gave a 
similar reaction producing benzylacetamide 169 and the free thiol (1S,2R)-168. Although at first 
thought to be a setback, this acetyl-migration is actually advantageous as it provides a direct access 
to a cis-configured 2-N-acetylamino-cyclohexanethiol, which can in turn be transformed into 
various N-acetyl or, after LAH-reduction, N-ethyl derivatives. 
 
3.3.2. The cis-amino thiols in the asymmetric transfer hydrogenation of prochiral ketones 
 
Having developed a synthetic route by means of which structurally divergent cis-amino thiols and 
sulfides could be easily synthesized, the attention was turned to the potential applications of these 
compounds. As mentioned above, the original targets were the thio analogues of the previously 
synthesized amino alcohols (91-98). But as there was now an easy access to secondary amino thiols, 
and moreover, as in the desymmetrization of meso anhydrides the cis-amino alcohols were always 
worse than their trans-analogues in terms of selectivity, it was decided to abandon the idea of using 
the latter reaction to test the activity of these chiral compounds. Instead, the asymmetric transfer 
hydrogenation of prochiral ketones was investigated as a test reaction. As previously mentioned, 
Bolm already reported the use of cyclohexane-based amino alcohols as ligands in this 
transformation, in combination with [RuCl2(p-cymene)]2. The secondary amino alcohols 85 and 170 
bearing a cis-configuration proved to be the best ligands in the reduction of acetophenone to 1-
phenyl-1-ethanol, providing the product in 94% conversion with 89% ee and in 94% conversion 
with 92% ee, respectively. The trans-analogues of these amino alcohols were also active but 
afforded lower enantioselectivities. Based on these facts, it was decided to synthesize the sulfur 
analogues of these two amino alcohols and compare their reactivity. 
 
 
 
 
 
 
Previous to these studies, there have been only a few reports concerning the use compounds 
possessing both an amino and a thiol/sulfide moiety as ligands for the metal-catalyzed transfer 
hydrogenation. Van Leeuwen used cysteine based aminosulp(ox)ides 171 as ligands in the iridium-
(1R,2S)-85
Figure 16. The best amino alcohol ligands in the asymmetric transfer hydrogenation.
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catalyzed asymmetric transfer hydrogenation;222 Lemaire used aminoethanethiol trityl ether ligands 
172223 and Andersson used cyclohexane-based N,S-ligands, like the trans-173. 224  
 
 
 
 
 
 
 
 
 
 
  
 
Of especial interest was the compound (1R,2R)-173 from Andersson (Scheme 55). This afforded 
the highest enantioselectivity among those screened in their studies, and it bears a close 
resemblance to the planned targets mentioned previously, except for possessing a trans-
configuration. The synthesis of trans-173 was quite straightforward. Opening N-benzyl 
cyclohexene aziridine 174 with benzyl thiol, followed by HPLC-separation of the enantiomers 
afforded the enantiopure (1R,2R)-173. As the first venture into this area of catalysis, the 
corresponding cis-analogue (1S,2R)-173 was prepared applying the protocol described in the 
previous chapter and compared to (1R,2R)-173 in the iridium and ruthenium catalyzed transfer 
hydrogenation of acetophenone. 
 
 
 
 
                                                
222
 D. G. I. Petra, P. C. J. Kamer, A. L. Spek, H. E. Schoemaker, P. W. N. M. van Leeuwen J. Org. Chem. 2000, 65, 
3010. 
223
 J. Harfouche, D. Hérault, M. L. Tommasino, S. Pellet-Rostaining, M. Lemaire Tetrahedron: Asymmetry 2004, 15, 
3413. 
224
 a) J. K. Ekegren, P. Roth, K. Källström, T. Tarnai, P. G. Andersson Org. Biomol. Chem. 2003, 1, 358. b) A. Gayet, 
C. Bolea, P. G. Andersson Org. Biomol. Chem. 2004, 2, 1887.  
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Figure 17. The N,S-ligands of van Leeuwen (171), Lemaire (172) and Andersson (173).
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The synthesis was relatively simple (Scheme 56): Reduction of the thioacetate (1S,2R)-162 to the 
free thiol (1S,2R)-168, followed by a nucleophilic substitution with benzyl bromide furnished the 
(S)-benzyl sulfide (1S,2R)-175. Boc-deprotection followed by reductive amination with 
benzaldehyde afforded the desired product cis-173.225 The transfer hydrogenation with this 
compound as a ligand and acetophenone as the substrate was conducted employing [IrCl(COD)]2 
(as was used for the trans-173 by Andersson) and [RuCl2(p-cymene)]2 (as was used for the amino 
alcohols by Bolm) as catalyst precursors under the conditions shown in Scheme 57
. 
The results are 
summarized in Table 14. 
 
 
 
 
 
 
TABLE 14. Transfer hydrogenation of acetophenone (176a) using N,S-dibenzylamino sulfide 
(1S,2R)-173 as the ligand. 
Entry Catalyst precursor Time (min) Conversion (%)b ee (%)b 
1 15 42 75 (S) 
 30 83 81 (S) 
 
[RuCl2(p-cymene)]2 
60 95 80 (S) 
2 15 93 48 (R) 
 30 97 45 (R) 
 
[IrCl(COD)]2 
60 97 44 (R) 
3c [IrCl(COD)]2 30 98 70 (S) 
 
                                                
225
 HPLC-analysis of this compound verified it to be enantiomerically pure. 
(1S,2R)-175
Scheme 56. The synthesis of (1S,2R)-173.
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Scheme 57. The asymmetric transfer hydrogenation with (1S,2R)-173.
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a
 All reactions were performed on a 1 mmol scale in 2-propanol (0.1 M with respect to acetophenone) at rt using 0.5 
mol % of catalyst precursor, 4 mol % of amino sulfide (1S,2R)-173 and 6 mol % of t-BuOK (0.1 M in 2-propanol). b 
Conversions and enantiomeric excesses were determined by a chiral GC analysis using a chiral stationary phase. c For 
comparison: the result of Andersson with 1R,2R-173. 
 
From the results can be observed, that the N,S-dibenzyl derivative strongly accelerates the 
iridium-catalyzed reaction, although the enantioselectivities were lower than for the trans-analogue. 
The situation changed drastically when [RuCl2(p-cymene)]2 was used as the catalyst precursor. The 
reaction rate decreased noticeably but the enantioselectivity was higher. The sense of asymmetric 
induction in the latter reaction was identical to that observed with the cis-amino alcohol ligands. On 
the other hand, iridium catalysis in the presence of the same ligand afforded the opposite 
enantiomer. This seems to indicate that the iridium catalyzed reduction proceeds via a different 
mechanistic pathway, which would confirm van Leeuwen's suggestion of a direct hydrogen transfer 
path for the Ir(I)/amino thiol combination,222 instead of the hydridic route proposed for the 
Ru(II)/amino alcohol catalysis by Noyori.226 Encouraged by these results, some further β-amino 
thiols were synthesized, as shown in Scheme 58.  
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 a) M. Yamakawa, H. Ito, R. Noyori J. Am. Chem. Soc. 2000, 122, 1466. b) K.-J. Haack, S. Hashiguchi, A. Fujii, T. 
Ikariya, R. Noyori Angew. Chem. 1997, 109, 297; Angew. Chem., Int. Ed. Engl. 1997, 36, 285. 
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Scheme 58. The synthesis of new N,S-ligands.
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Compound (1S,2R)-179 was chosen as a target, since it is the easiest to synthesize due to the 
acetyl migration process described earlier. Compounds (1S,2R)-177 and (1S,2R)-178 were chosen 
because the corresponding amino alcohol analogues were the best ligands for the transfer 
hydrogenation (Figure 16). 
In the synthesis of the above-mentioned compounds some unexpected – but not insurmountable – 
problems arose. First, in the synthesis of (1S,2R)-180 it was found that after workup of the reductive 
amination step, the crude reaction mixture consisted of the desired product (1S,2R)-180 (minor) 
along with the bicyclic thioaminal 183 (major, Scheme 59). An analogous product was observed in 
the synthesis of (1S,2R)-179 with isovaleraldehyde instead of benzaldehyde in the reductive 
amination. The problem was overcome simply by reducing the raw mixture with LAH in Et2O, 
resulting in pure (1S,2R)-179 and (1S,2R)-180, respectively. 
 
 
 
 
 
On the other hand, compound (1S,2R)-181 could be isolated at first in very low yields (<15%) via 
column chromatography. Later, it was found that this compound readily oxidizes to the 
corresponding disulfide 184 (Scheme 60). By careful omission of air, the dimer can be again 
reduced to the free thiol with LAH. However, it was decided to test the compound 184 too as a 
ligand in the transfer hydrogenation reaction (Table 15) and omitting the last reduction step allowed 
the isolation of 184 in its pure form. 
 
 
 
 
 
 
 
Later, these novel compounds were tested as ligands in the asymmetric transfer hydrogenation of 
acetophenone. The following conditions were used: 1 mmol of substrate, 1 mol % of Ru- or Ir-
complex, 4 mol % of ligand, 6 mol % of base (NaiOPr) in altogether 10 mL of iPrOH at room 
(1S,2R)-183
Scheme 59. Problem 1 - and its solution.
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Scheme 60. The synthesis of (1S,2R)-181 and 184.
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temperature. The results are summarized in Table 15. The compound (1S,2R)-167 as a ligand 
afforded no conversion at all (Table 15, entry 1). The amino thiols (1S,2R)-179 and (1S,2R)-180 
were at room temperature excellent in terms of enantioselectivity (Table 15, entries 2 and 6). 
Unfortunately, the conversions were not as high as with (1S,2R)-184 (Table 14, entries 9 and 16). 
Cooling the reaction to 0 °C in order to further improve enantioselectivity, led in the case of 
(1S,2R)-180 to very low conversions (Table 15, entries 3 and 4). On the other hand, although the 
disulfide (1S,2R)-184 was at room temperature not as selective as (1S,2R)-179, cooling the reaction 
to 10 °C led to improved enantioselectivities and still reasonable conversions. Following the above 
observations, compounds (1S,2R)-179 and (1S,2R)-184 were selected as the ligands of choice for 
the subsequent investigation of the substrate scope.  
In general, catalysis with the iridium complex as precatalyst was typically not successful with the 
thiols, but afforded good conversions and good enantiomeric excesses with the sulfides (Table 14, 
entries 1 and 2; Table 15, entries 5, 8, 10 vs. entry 13). Interestingly, whereas for (1S,2R)-181 the 
catalysis with Ir was not successful at all, the disulphide (1S,2R)-184 afforded smooth conversion 
and reasonable selectivity. This would indicate, that a free –SH moiety poisons the iridium catalyst 
leading to no reaction. This is in accordance with the results of Lemaire and van Leeuwen, whose 
compounds incorporating a free thiol component also afforded no conversion under Ir-catalysis. On 
the other hand, a camphor based N,S-ligand reported by Andersson embodying a free thiol moiety 
did form an active catalyst with iridium, albeit quite a slow one. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Scheme 61. Testing different conditions and different ligands in the transfer hydrogenation.
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Table 15. Testing different ligands and different reaction conditions in the transfer 
hydrogenation.a 
 
Entry Precatalyst Amino thiol Temperature (°C) Time (min) Conversion (%)b ee (%)b 
1 Ru (1S,2R)-167 rt 120 - - 
2 Ru (1S,2R)-179 rt 30 37 94 (S) 
    120 73 92 
    240 78 92 
3 Ru (1S,2R)-179 8 120 29 96 (S) 
    1200 32 94 
4 Ru (1S,2R)-179 0 240 - - 
5 Ir (1S,2R)-179 rt 240 - - 
6 Ru (1S,2R)-180 rt 30 71 93 (S) 
    60 89 93 
    120 94 92 
7 Ru (1S,2R)-180 0 30 67 94 (S) 
    60 83 92 
    120 89 92 
8 Ir (1S,2R)-180 rt 240 - - 
9227 Ru (1S,2R)-181 rt 30 82 92 (S) 
    60 92 92 
    120 94 93 
10 Ir (1S,2R)-181 rt 120 - - 
11 Ru (1S,2R)-181 0 30 76 94 
    60 84 94 
    120 89 95 
12 Ru  (1S,2R)-182 rt 30 34 69 (S) 
    60 79 77 
    120 95 79 
13 Ir (1S,2R)-182 rt 15 28 76 (R) 
    60 62 70 
    180 89 72 
14 Ru (1S,2R)-184 -10 30 44 95 (S) 
    60 54 94 
    1200 72 94 
15 Ru (1S,2R)-184 0 30 65 94 
                                                
227
 The corresponding (1R,2R)-amino alcohol analogue afforded after 1 h 92% conversion and 63% ee [(R)-product]. 
The corresponding (1R,2S)-amino alcohol analogue on the other hand 93% conversion and 83% ee after 1 h [(R)-
product]. 
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    60 78 93 
    180 83 93 
16 Ru (1S,2R)-184 rt 30 85 93 
    60 94 92 
    120 95 92 
17 Ir (1S,2R)-184 rt 30 80 81 (R) 
    60 95 77 
    120 95 78 
 
a
 All reactions were run on a 1 mmol scale under conditions as shown in Scheme 61. b Conversions and enantiomeric 
excesses were determined by a chiral GC analysis.  
 
The substrate scope was tested with both ligands (1S,2R)-179 and (1S,2R)-184 running the 
reactions with the Ru-precatalyst in 1 mmol scale at 10 °C (Scheme 60). The results are 
summarized in Table 16.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 62. Substrate scope in the asymmetric transfer hydrogenation catalyzed with Ru-complex and (1S,2R)-
179 or (1S,2R)-184.
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Table 16. Comparing ligands (1S,2R)-179 (A) and (1S,2R)-184 (B) in the transfer hydrogenation 
of various substrates.a 
 
Entry Ligand Substrate Time (min) Conversion (%)b ee (%)c 
1 A acetophenone (176a) 150 95 92 (S) 
2 B acetophenone (176a) 120 95 93 (S) 
3 A propiophenone (176b) 240 71 88 (S) 
4 B propiophenone (176b) 120 95 90 (S) 
5 A p-methylacetophenone (176c) 150 82 94 (S) 
6 B p-methylacetophenone (176c) 120 85 93 (S) 
7 A o-methylacetophenone (176d) 150 31 83 (S) 
8 B o-methylacetophenone (176d) 120 56 82 (S) 
9 A p-methoxyacetophenone (176e) 300 52 86 (S) 
10 B p-methoxyacetophenone (176e) 150 48 88 (S) 
11 A p-chloroacetophenone (176f) 120 97 82 (S) 
12 B p-chloroacetophenone (176f) 60 97 81 (S) 
13 A 2´,4´-dichloroacetophenone (176g) 15 40 55 (S) 
14 B 2´,4´-dichloroacetophenone (176g) 15 97 45 (S) 
15 A 1-acetylnaphthaline (176h) 120 90 84 (S) 
16 B 1-acetylnaphthaline (176h) 120 95 93 (S) 
17 A 2-acetylnaphthaline (176i) 240 94 87 (S) 
18 B 2-acetylnaphthaline (176i) 120 96 86 (S) 
19 A α-tetralone (176j) 120 37 94 (S) 
20 B α-tetralone (176j) 120 62 96 (S) 
 
a
 The reactions were run in a 1 mmol scale under conditions shown in Scheme 62. b The conversions were determined 
either by chiral GC or by NMR-analysis of the reaction mixture. c Enantiomeric excesses were determined by a chiral 
GC or by a chiral HPLC analysis using a chiral stationary phase. 
As can be observed from the results in Table 16, the disulfide (1S,2R)-184 is in most cases 
superior to (1S,2R)-179 affording higher conversions (Table 16, entry 3 vs. 4 and entry19 vs. 20, for 
example) and equal, or even better, enantiomeric excesses (Table 16, entry 5 vs. 6 and entry 15 vs. 
16, for example). Enantiomeric excesses were with both ligands and all substrates above 80% ee, 
except with 2´,4´-dichloroacetophenone, which afforded an enantiomeric excess of only 45% ee 
[Table 16, entry 14 - with ligand (1S,2R)-184]. This is most likely due to the fact, that the reaction 
proceeds so rapidly. This particular ketone has to the best of the author´s knowledge previously not 
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been reduced enantioselectively under these transfer hydrogenation conditions.228 It has been 
reduced asymmetrically with the CBS-system (Corey-Bakshi-Shibata), affording 90% yield and 
88% ee.229 In this particular case, because the reaction is so fast, the enantioselectivity could be 
further increased simply by lowering the temperature. In the entries 7 and 19 (Table 16), for 
example, the conversions could not be noticeably improved – even by prolonging the reaction time 
to 1200 min. The conversions are improved by raising the temperature, but which, in turn, lowers 
the enantioselectivity. 
 
3.4. Other attempts towards enantiomerically pure compounds 
 
During the course of this work the preparation of some other compounds to be used as 
organocatalysts or as ligands was attempted. In addition, some alternative, albeit less successful, 
synthetic routes towards the molecules already introduced in previous chapters were investigated. 
The most interesting successes – and failures – are described in this chapter. 
 
3.4.1. The thio-cinchona alkaloids 
 
When a successful route to the sulfur derivatives of the cyclohexane based amino alcohols was 
developed (Schemes 51 and 54), it was tried to apply this sequence to the synthesis of a thio-
cinchona alkaloid, where the hydroxyl group at C9 would be replaced by a sulfur moiety – most 
preferably a thiol.  
 
 
 
 
 
 
 
An earlier study towards similar molecules had already been reported. Skarzewski synthesized 
phenyl sulfides from various cinchona alkaloids, using a Mitsunobu-type reaction with 
tributylphosphine and diphenyl disulfide (Scheme 63).230 They only reported the synthesis and 
                                                
228
 It has been reduced using an achiral system under these conditions, see: C. Standfest-Hauser, C. Slugovc, K. 
Mereiter, R. Schmid, K. Kirchner, L. Xiao, W. Weissensteiner J. Chem. Soc., Dalton Trans. 2001, 2989.  
229
 Z. Dalicsek, F. Pollreisz, A. Gömöry, T. Soós Org. Lett. 2005, 7, 3243. 
230
 M. Zielinska-Blajet, M. Kucharska, J. Skarzewski Synthesis 2006, 7, 1176. 
Figure 18. The thio-cinchona alkaloid target 185.
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characterization of cinchona-alkaloid derived phenyl sulfides (such as 186, for example), but no 
application in catalysis was disclosed and since then, to the best of the author´s knowledge no 
studies in asymmetric catalysis using such compounds have been reported. 
First, it was tried to apply the protocol of Skarzewski using p-toluenedisulfide instead of 
phenyldisulfide, but the reaction resulted in an unseparable mixture. The presence of a p-
methylphenyl group could be identified via NMR-spectroscopy, but the desired product could not 
be isolated in pure form. However, since the free thiol was more desirable, this route was not 
pursued further.231,232 Rather it was thought more interesting to synthesize the thioacetate, which 
could be reduced to the free thiol in a straightforward manner. Multiple applications in asymmetric 
catalysis were envisioned for this compound. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The synthetic approach was basically the same as that used for the β-amino-thiocyclohexanes. 
Quinidine (14c) was initially mesylated affording the desired intermediate sulfonate in almost 
quantitative yield. When the mesylate was subjected to a nucleophilic substitution by AcS- in DMF, 
a complex mixture of products was formed and no product possessing the expected NMR-spectrum 
could be isolated. To avoid potential rearrangements and side reactions on the quinidine double 
bond, it was thought better to employ dihydroquinidine as the starting material. Again the 
mesylation proceeded without problems, but the nucleophilic substitution was not successful. This 
time the reaction was cleaner affording fewer products, but still their chromatographic separation 
was not possible.  
                                                
231
 The same reaction was also tried with the amino alcohol (1S,2S)-93, but also without success. 
232
 It is known, that some phenylsulfides can be reduced to the free thiols with elementar sodium, but these conditions 
were deemed highly prone to lead to various sideproducts and/or decomposition of the quinidine structure. 
Scheme 63. The route of Skarzewski.
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3.4.2. Using the Burgess reagent – a new route to enantiopure cis-diamines 
 
While still developing the optimal synthetic route to the β-amino thiols described in Chapter 3.3., 
the cyclic sulfamidate (1R,2R)-188 was prepared, starting from the enantiopure N-ethylcarbamate 
protected amino alcohol (1R,2R)-157c. It was envisioned, that this derivative could be opened by a 
strong enough nucleophile, affording 189 as the product. The 189 should be easy to convert into the 
corresponding amine by an aqueous workup or further elaborated by an alternative methodology.  
 
 
 
 
The synthesis was straightforward using known methodologies to give (1R,2R)-188.233 
Unfortunately, it proved not possible to effect the ring-opening via a nucleophilic attack by either 
NaSMe, KSCOCH3 or NaN3.  
Nicolaou reported in 2004 a new use for the Burgess-reagent 190 [a zwitterionic salt of 
(methoxycarbonylsulfamoyl)triethylammonium hydroxide], which is normally used for cis-
dehydration of secondary and tertiary alcohols to the corresponding olefins.234 Treating a cis-diol 
with an excess of Burgess-reagent 190 led to the formation of a cyclic sulfamidate as shown in 
Scheme 66.235 The latter compound could be opened by employing a suitable nucleophile and a 
similar reaction was accounted, taking place when β-amino alcohols were used and thus giving rise 
to cyclic sulfamides. 
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 R. Peters, D. F. Fischer Org. Lett. 2005, 7, 4137.  
234
 a) E. M. Burgess, H. R. Penton, E. A. Taylor J. Org. Chem. 1973, 38, 26. b) E. M. Burgess, H. R. Penton, E. A. 
Taylor J. Am. Chem. Soc. 1970, 92, 5224. c) P. Taibi, S. Mobashery in: Encyclopedia of Reagents for Organic 
Synthesis, (Ed.: L. A. Paquette), Wiley, New York, 1995, p. 3345. 
235
 K. C. Nicolaou, S. A. Snyder, D. A. Longbottom, A. Z. Nalbandian, X. Huang Chem. Eur. J. 2004, 10, 5581. 
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Scheme 65. The proposed route via a cyclic sulfamidate.
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Although the above-mentioned β-amino alcohols contained a primary alcohol moiety, it was 
nevertheless decided to treat amino alcohol (1R,2R)-85 with the Burgess-reagent 190 hoping, that 
the resulting compound would be more prone to undergo a nucleophilic attack. This turned out not 
to be the case, and the sulfamide ring of (1S,2R)-191 could not be opened by any nucleophile tried. 
At the same time it was realized that with this compound a new route to the preparation of 
unsymmetrical cyclohexane based cis-diamines could be accomplished (Scheme 67). 
 
 
 
 
 
 
 
 
By reacting amino alcohol (1R,2R)-85 with an excess of Burgess-reagent 190, compound (1S,2R)-
191 was obtained. It was easily isolated as a colourless stable solid via column chromatography, but 
never in yields higher than 35%, despite the attempts to optimize reaction parameters. This was 
perhaps due to the lower reactivity of a secondary alcohol, compared to the primary/benzylic ones 
used by Nicolaou, and also due to product depletion because of dehydration as a side reaction.  
The deprotection of (1S,2R)-191 was intricate. According to literature, the removal of SO2 from 
such cyclic sulfamides can be done with HBr, but the first attempt using refluxing HBr (48% in 
water) failed.236 A literature reference reports the addition of phenol to the mixture to improve 
solubility,237 but also this experiment failed, as well as the next in which a TFA/CH2Cl2 mixture 
was used. Subsequently, it was attempted to first deprotect either of the nitrogen atoms and then to 
remove the sulfoxide (Scheme 68).  
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(1S,2R)-191
Scheme 67. The reaction of (1R,2R)-85 with the Burgess-reagent.
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The hydrogenation of the benzyl group did not succeed, but simply stirring (1S,2R)-191 in a 
solution of 2 M NaOH and an equal amount of THF (to improve solubility) overnight furnished 
(1S,2R)-192 in a quantitative yield. Subsequent refluxing in aqueous HBr led to isolation of the 
dissymmetrical enantiopure diamine (1S,2R)-193 with a good yield of 87%. As a primary amine 
functionality is more reactive than a secondary amine, selective modifications of this compound is 
possible. The drawbacks of this synthesis remain the use of the quite expensive Burgess-reagent and 
low yield of the first step. Otherwise, this route provides a facile synthesis of an enantiopure 
dissymmetrical cis-diamine, from simple starting materials. The enantioselective synthesis of this 
particular cis-diamine has, to the best of author´s knowledge, not been accomplished.238 The trans-
diastereomer had previously been synthesized in an enantioselective fashion starting from 
enantiopure R,R-cyclohexane diamine (Scheme 69).239 
 
 
 
 
 
                                                
238
 A similar cis-diamine, with a tosyl-group instead of a benzylgroup (a cis-pendant of the Knochel´s trans-ligand) on  
one of the amino groups had been synthesized previously by the group of Bolm, using the approach of Bäckvall and 
Sharpless, see: J. E. Bäckvall, K. Oshima, R. E. Palermo, K. B. Sharpless J. Org. Chem. 1979, 44, 1953. 
239
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(1S,2R)-191
Scheme 68. The successful cleavage of the sulfamidate group.
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First, one aminogroup was protected as its phthalimide followed by reductive amination with 
PhCHO and finally removal of the phthalimide-protecting group.  
 
3.4.3. Attempts to the synthesis of some tetrazoles 
 
 
 
 
 
The tetrazole moiety consists of a five membered aromatic ring containing four nitrogens and one 
carbon. The simplest is tetrazole (197) itself (Figure 19). These compounds, although non-natural 
and potentially explosive, are interesting in the field of medicinal chemistry as they act as 
carboxylic acid equivalents. Tetrazoles have found uses as lipophilic spacers in pharmaceuticals240 
and as carboxylic acid surrogates,241 in specialty explosives,242 photography and information 
recording systems,243 not to mention their use as precursors in the synthesis of various nitrogen-
containing heterocycles.244 The tetrazole derivate of prolinol (199), for example, has been used as 
an organocatalyst in the enantioselective Michael-addition (Scheme 70)245 and in the 
enantioselective epoxidation of alkenes.246 
 
 
 
 
 
 
The possibility to synthesize some tetrazoles from the reserve of enantiopure amino alcohols was 
investigated. The devised synthetic approach is shown in Scheme 71.  
 
                                                
240
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Figure 19. Tetrazole.
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As envisioned for the synthesis of β-amino thiols, mesylation of the Boc-protected amino alcohol 
(1R,2R)-157b and subsequent nucleophilic substitution by sodium cyanide afforded compound 
(1S,2R)-202 in a good yield of 94%. Unfortunately the cycloaddition reaction with NaN3 in DMF 
under standard conditions led only to the isolation of unreacted starting material. Various reaction 
conditions were tested with different additives (Table 17), but only the very last method (Table 17, 
entry 5) afforded any conversion. The desired product (1S,2R)-202 was isolated in a yield of 23% 
(32 mg), which was enough for characterization but not for any tests in asymmetric catalysis. 
 
Table 17. Studies towards synthesizing the tetrazole (1S,2R)-202. 
 
Entry Conditions Yield (%) 
1 DMF, NaN3, 90 °C - 
2 DMF, NaN3, NH4Cl, 120 °C247 - 
3 NaN3, ZnBr2, H2O, iPrOH, 
reflux248 
- 
4 toluene, Bu2SnO, TMSiN3, 
reflux249 
- 
5 Et3N · HCl, toluene, NaN3, 
reflux250 
23 
 
The limited success of the cycloaddition reactions might be due to the steric hindrance offered by 
the bulky Boc-group and the tetrazole ring, considering the cis-configuration of the product.
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(1R,2R)-158b
Scheme 71. An attempt towards a cyclohexane-based tetrazole.
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4. Summary and Outlook 
 
As the enantioselective synthesis of various compounds is of paramount interest in organic 
chemistry, this work concentrated on asymmetric catalysis. Moreover, a major focus was on 
asymmetric organocatalysis as there have been tremendous successes in this field during the last 
years. This is in accordance with the current trends in the modern chemical research, which is 
nowadays aiming towards the development of ´greener´ methodologies. Thus, attempts have been 
made to avoid as much as possible the use of transition metals and to move from organic solvents to 
less harmful media like water, supercritical CO2, ionic liquids – or to use absolutely no solvent at 
all. 
In the first part of this work a methodology starting from opening of cyclohexene oxide and based 
on a simple resolution of a racemic mixture was shown in its utility to synthesize various 
enantiopure amino alcohols having a cyclohexyl core and bearing either a cis- or a trans-
configuration at the stereogenic centres.  
 
 
 
 
 
 
 
The driving force behind this idea, was that the amino alcohols might prove to be simple and 
versatile organocatalysts, like the cinchona alkaloids and their derivatives. The amino alcohols were 
tested for their efficacy in the catalytic asymmetric desymmetrization of meso anhydrides. The 
dicarboxylic acid hemiesters were afforded in 0-95% yield and 0-83% ee, depending on the catalyst 
used. The amino alcohols (1R,2R)-93 and (1R,2R)-96 afforded the best outcome giving high yields 
and enantioselectivities. The best result was observed in the methanolysis of anhydride 105 
affording the hemiester 40b in a yield of 77% and with an ee of 95%, with (1R,2R)-93 employed as 
the catalyst (Scheme 73). 
 
 
 
 
 
Scheme 72. The synthesis of amino alcohols.
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The results from this reaction are comparable to those from the cinchona alkaloid mediated 
reaction. The catalytic reaction with the amino alcohols trans-93 and trans-96 seems to be as much, 
or even more, selective than the corresponding catalytic reaction with cinchona alkaloids. The 
reactions are slower, though, and at –60 °C the reaction did not proceed at all. The configuration of 
the products is also comparable to the results from the cinchona-alkaloid mediated reactions. It 
seems that the configuration-determining stereocenter is the carbon bearing the hydroxyl group. An 
R(N),R(OH)-amino alcohol gives the same product configuration as the S(N),R(OH) one. 
Additional evidence is brought by the fact, that methylating the hydroxyl group gives the racemic 
product in high yield. Also N-methyl-2,2-diphenylprolinol, lacking a stereogenic centre at the 
hydroxyl bearing carbon, as a catalyst affords again the racemic product in 90% yield. These 
observations give important insights into the mechanism of the reaction and computational studies 
about the mechanistic pathway are underway.  
The amino alcohols were tested for their activity in some other transformations as well (Chapters 
3.1.2. and 3.1.4.). In the asymmetric aryl transfer reaction they were shown to be active, affording 
enantiomeric excesses of up to 87% ee [with p-methylbenzaldehyde (99b) as the substrate and 
(1S,2R)-93 as the amino alcohol]. Catalytic activity was also observed in the Henry reaction, in 
conjugate addition to phenyl vinyl sulfone, and to cyclic enones, and in the addition of phenyl 
acetylene to various aldehydes. Unfortunately, in these reaction either racemates or very low 
enantioselectivities were observed. Nevertheless, it is envisioned that in the future these amino 
alcohols will find more uses in asymmetric catalysis. 
 
In the second part of this work, the application of new technologies for asymmetric 
transformations was studied. A custom-built simultaneous cooling-microwave irradiation device 
was applied in the desymmetrization of meso anhydrides in order to accelerate the reaction, but no 
such effect was observed. 
Also the possibility of conducting the latter reaction in the solid state was studied. Towards this 
end, the technology of ball milling was chosen as a method for efficient mixing of the solid 
reactants. Interestingly, the ball milling has been used for synthetic transformations only seldom. 
Scheme 73. The most succesful methanolysis.
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Some interesting organic reactions, such as the preparation of Wittig ylides or the reductive 
benzylidization using the Hantzsch-ester, have been published under ball milling conditions, 
though. Moreover, it has been shown, that the solid-state derivatization of fullerenes is very 
effective in a ball mill, as the fullerenes are sparingly soluble in organic solvents. Nevertheless, 
during the time of this work no asymmetric reactions had been conducted in a ball mill. 
 
For testing the applicability of a ball mill the protocol by Bolm for the desymmetrization of meso 
anhydrides was thought to be an ideal transformation. In this reaction, two components out of three 
(anhydride and the chiral mediator) are solids. In order to conduct a reaction between only solids 
the third component, an alcohol, was chosen to be the solid p-methyl benzyl alcohol  (127). In this 
work, it was shown that asymmetric reactions can be conducted in solid-state in a ball mill. The best 
enantioselectivity was observed in the quinidine-mediated reaction between o-bromo benzyl alcohol 
and anhydride 27, affording a yield of 92% and an ee of 64% under ball milling conditions (Scheme 
74).  
 
 
 
 
 
 
 
The scope of the reaction was studied with p-methyl benzyl alcohol as the nucleophile. The 
methodology was shown to be applicable for a wide variety of anhydrides and alcohols, solid as 
well as liquid ones. 3-methyl glutaric anhydride (140) did not react, and neither did tBuOH, but 
they were also shown not to react when using a solvent. Moreover, in this study it was demonstrated 
that the amount of alcohol could be reduced from 3 eq to 1 eq, thus sparing a tedious work-up 
procedure and in some cases completely avoiding the need for column chromatography as the 
products were obtained in analytically pure form. The enantioselectivities are expected to be further 
improved, provided that a method could be found for simultaneously keeping the temperature low 
while ball milling. It is envisioned that the ball milling technology could become very important in 
asymmetric catalysis in the near future, especially as far as industrial applications are concerned, 
and studies in the research group of Bolm are in progress for conducting new, asymmetric reactions 
in the ball mill. 
 
Scheme 74. The most succesful ball milling reaction.
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In the third part of this work, a synthetic route towards cis-β-amino thiols was developed. Starting 
from the enantiopure trans-2-aminocyclohexanol, via relatively simple reactions it was possible to 
synthesize various thiols and sulfides (Scheme 75). 
 
 
 
 
 
These compounds were then applied as ligands in the ruthenium- and iridium-catalyzed transfer 
hydrogenation of prochiral ketones. They gave remarkably active catalysts, affording in some cases 
>90% conversion already after 15 minutes. Moreover, they were better than their amino alcohol 
analogues, both in terms of activity and selectivity. The sulfides afforded selectivities of up to 80% 
ee and the free thiols selectivities of up to 97% ee. Interestingly, the thiols were completely inactive 
when using iridium as catalyst, whereas the sulfides and the oxidized disulfides were reactive. In 
the case of ruthenium, there was no difference whether the thiol or the oxidized disulfide (1S,2R)-
184 was used as a ligand. 
 
 
 
 
 
 
Now that a synthetic route has been developed, an access is provided to a wide library of 
enantiomerically pure cis-β-amino thiols. Should one start from the cis-amino alcohols, one would 
end up with the corresponding trans-amino thiols, albeit this synthetic route is relatively long. It is 
envisioned, that these β-amino thiols could be useful ligands for asymmetric catalysis and studies 
are underway to test their activity in various asymmetric transformations.
Scheme 75. The desired target - cylohexane based aminothiols.
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Scheme 76. The test reaction for β-amino thiols.
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5. Experimental Section 
 
5.1. General Remarks 
 
All of the synthetic procedures described in the present experimental part, including reactions, 
work-ups and chromatographic separations were conducted in a well ventilated hood according to 
the current safety dispositions. All of the reactions were carried out at least twice to ensure 
reproducibility. 
Air and moisture sensitive manipulations were carried out under an argon atmosphere using 
standard Schlenk or Glovebox techniques.251 The employed glassware was prior to reaction oven- 
or flame-dried and cooled with a stream of argon. Reagents and solvents were transferred under 
argon using syringes or cannulae.  
 
5.1.1. Solvents 
 
The solvents for anhydrous reactions were dried and purified according to standard techniques.252  
 
Acetonitrile: Purchased from Aldrich in HPLC-grade form and used as such. 
CH2Cl2 : Simple distillation, followed by distillation over CaH2. 
DMF : Purchased from Acros and used as such. 
Et2O : Predrying on KOH, followed by distillation from Na/benzophenone ketyl radical. 
EtOH : Purchased from Merck in HPLC-grade and used as such. 
MeOH : Purchased from Merck in HPLC-grade and used as such. 
2-Propanol : Purchased from Acros and used as such. 
THF : Predrying on KOH, followed dy distillation from Na/benzophenone ketyl radical. 
Toluene : Distillation from Na/benzophenone ketyl radical. 
 
Ethyl acetate (EtOAc), dichloromethane (CH2Cl2), diethyl ether (Et2O) and n-pentane for column 
chromatography were distilled before use. 
 
 
 
                                                
251
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5.1.2. Chemicals 
 
The chemicals were purchased from the companies ABCR, Acros, Sigma-Aldrich, Fluka, 
Lancaster, Merck and Novabiochem and were used as received unless otherwise stated. 
Palladium on carbon (10%) was donated by Degussa, quinine and quinidine were donated by 
Büchler. 
 
5.1.3. Determination of the Physical Properties of the Synthesized Compounds   
 
1H-NMR Spectroscopy 
1H-NMR spectra were recorded either on a Varian Gemini 300 spectrometer (300 MHz) on a 
Varian Inova 400 spectrometer (400 MHz). Chemical shifts are given in ppm relative to 
tetramethylsilane (TMS, δ 0.00 ppm). Solvent residual peaks (CDCl3, δ 7.26 ppm; CD2Cl2, δ 5.23 
ppm; DMSO, δ 2.50 ppm; MeOD, δ 3.34 ppm) were used as internal standard. Coupling patterns 
are described by the following abbreviations: s (singlet), d (doublet), t (triplet), q (quartet), qu 
(quintet), se (sextet), sept (septuplet), m (multiplet). Coupling costants (J) are given in Herz. 
 
13C-NMR Spectroscopy 
13C-NMR spectra were recorded either on a Varian Gemini 300 spectrometer (75 MHz) on a 
Varian Inova 400 spectrometer (100 MHz). Chemical shifts are given in ppm and were determined 
by comparison with solvent residual peaks (CDCl3, δ 77.0 ppm; CD2Cl2, δ 53.8 ppm; DMSO, δ 
39.7 ppm; MeOD, δ 49.0 ppm). 
 
IR Spectroscopy 
IR spectra were measured on a Perkin-Elmer PE 1760 FT spectrometer as KBr pellets or neat (in 
case of liquid compounds). Only characteristic absorption bands are reported. Absorptions are given 
in wavenumbers (cm−1). 
 
Mass Spectroscopy 
Mass spectra were recorded on a Varian MAT 212 or on a Finnigan MAT 95 spectrometer with 
EI (electronic impact) ionization, at a 70 eV ionization potential. Peaks are listed according to their 
m/z value. High resolution mass spectra (HRMS) were recorded on a Finnigan MAT 95 
spectrometer. 
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GC-MS Measurements 
GC-MS measurements were conducted with the following instrument: GC (HP 6890 Series), MSD 
5973. Column: HP-5 MS (30 m × 0.25 mm × 0.25 µm). Carrier gas: He, constant flow 200 °C. 
 
Elemental Analysis 
Elemental analyses were performed using an Heraeus CHN-O-Rapid instrument. 
 
Optical Rotation 
Optical rotation measurements were conducted at room temperature with a Perkin-Elmer PE 241 
polarimeter, using solvents of Merck UVASOL® quality at a wavelenght of 589 nm (D-line of a Na-
vapour lamp). Concentrations are given in g / 100 mL. 
 
Melting Point 
Melting points were measured in open glass capillaries with a Büchi B-540 apparatus and are 
uncorrected. 
 
5.1.4. Chromatographic Methods 
 
Preparative Column Chromatography 
Purifications by Flash Column Chromatography were carried out in glass columns (10-50 mm 
diameter) according to Still, using Merck silica gel 60, particle size 0.063-0.200 mm. 
 
Thin Layer Chromatography 
Support: TLC aluminum sheets silica gel 60 F254 (Merck) with a fluorescent indicator. 
Detection: 1) exposition to UV-light (λ = 254 nm). 
2) treatment with an acidic aqueous solution of ammonium molybdate tetrahydrate      
[(NH4)6Mo7O24]·4H2O and cerium sulfate tetrahydrate [Ce(SO4)]·4H2O (Mostain). 
3) treatment with a basic aqueous solution of potassium permanganate (KMnO4). 
4) treatment with an ethanolic ninhydrine solution. 
 
   Analytical HPLC 
The determination of ee values via HPLC was performed with an Agilent 1100-series system 
(Degasser G1379A, Quaternary Pump G1311A, Autosampler G1313A, Column Oven G1316A, 
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UV-Detector G1315B). As chiral stationary phases columns (250 x 4.6 mm) from Chiral 
Technologies Ltd. (formerly Daicel Chemical Industries Ltd.).  
 
Gas Chromatography 
The gas chromatographic analyses for the determination of ee values from the asymmetric 
anhydride opening reactions were performed on a Hewlett Packard 5890 Series II device and a HP-
3396 Integrator. If not otherwise stated, the monoesters from the anhydride opening reaction were 
first converted to the corresponding lactones with a Superhydride reduction.50 After workup the 
lactones were eluted with a chiral Lipodex E column (2,6-O-dipentyl-3-O-γ-cyclodextrin, 50 m x 
0.25 mm, from Macherey-Nagel) as a stationary phase under following conditions: 1.0 bar N2 
column pressure, 100 °C (50 min), heating rate 3.0 °C/min to 180 °C (60 min). The retention times 
are given with the corresponding compounds. 
 
5.1.5. Synthetic Methods 
 
Microwave 
The microwave oven used for some reactions was a model “Discovery” from CEM GmbH. The 
microwave was equipped with an IR-sensor for temperature, integrated pressurized air cooling 
system, pressure sensor and an external fiber optic thermometer. For the microwave reactions at 
subambient temperatures, a cryostat was attached to a specially manufactured glass cooling finger, 
which in turn contained the reaction mixture in a glass tube. This cooling finger was inserted in the 
microwave chamber for the reactions. The fiberoptic thermometer can be inserted into the reaction 
solution for accurate temperature measurements. Figure 15 (Chapter 3.1.3.1.) illustrates this 
apparatus. 
 
Ball Mill 
The ball mill used for reactions was a Planetary Micromill “Pulverisette 7” from Fritsch GmbH. 
The reaction vessels were of 45 mL volume and made of chemically inert zirconium oxide. The 
balls were also made of zirconium oxide and were of 5 mm diameter. Per reaction  (both 1 mmol 
and 5 mmol scale) an amount of 60 balls was normally used. 
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5.1.6. Compounds Prepared According to Literature Procedures 
 
Exo-7-oxabicyclo[2,2,1]hept-5-ene-2,3-dicarboxylic acid anhydride (134),253 cis-3,3-dimethyl 
cyclopropane-1,2-dicarboxylic acid anhydride (136),254 endo-1,2,3,4-tetrahydro-1,4-methano-
naphthalene-2,3-carboxylic acid anhydride (110).255  
The racemic hemiesters were obtained by a reaction of the anhydride with the corresponding 
alcohol in the presence of Et3N.  
The racemic alcohols for the substrates used in the asymmetric transfer hydrogenation were 
obtained from NaBH4-reduction of the corresponding ketones. 
 
5.2. General Synthetic Procedures 
 
5.2.1. General procedure for the synthesis and resolution of racemic N-benzyl-2-
aminocyclohexanol by means of enantiopure mandelic acid (GP-1):  
 
Cyclohexene oxide 83 (1.0 eq) and benzyl amine 84 (0.98 eq) were heated in an autoclave at 230 
°C overnight. The product was washed into a round bottomed flask with ethyl acetate and solvent 
and excess of cyclohexene oxide were evaporated. (R)- or (S)-Mandelic acid (0.5 eq) was added to a 
solution of the racemic amino alcohol 85 in ethyl acetate (2 mL/mmol) at rt and the suspension was 
heated to reflux before it was treated with ethanol (0-5 vol %) until complete dissolution occurred. 
This mixture was stored at –20 °C overnight, during which a precipitate was formed, and 
subsequently filtered. 
a) Continuing with the first precipitate (GP-1a): The collected ammonium salt was washed 
with ethyl acetate, followed by diethyl ether, and dried under reduced pressure. For the first 
recrystallization, the salt was dissolved in a 10:1 mixture of ethyl acetate and ethanol (4-8 
mL/mmol) at reflux, then the solution was allowed to cool to room temperature, filtered and washed 
as described above. In case the enantiomeric excess of the amino alcohol had to be increased further 
its corresponding ammonium salt in ethyl acetate (8 mL/mmol) was heated to reflux and ethanol 
was added (0-10 vol %) until a clear solution was obtained. After cooling to rt the recrystallized salt 
was worked up as described above. To determine the ee of the free amino alcohol within each 
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crystallization cycle, a 50 mg sample of the mandelic acid salt was extracted with 4 mL of 1 N 
NaOH and 30 mL of diethyl ether analogously to GP-2, and analyzed by HPLC.  
 
b) Continuing with the filtrate (GP-1b): The filtrate of the first precipitation was extracted 
twice with half of the volume of 1 N NaOH, dried over MgSO4 and concentrated under reduced 
pressure. After determination of the enantiomeric ratio, 1 eq (according to the amount of the 
corresponding major enantiomer of the amino alcohol) of the opposite mandelic acid enantiomer 
(with respect to the initial precipitation) was added to a solution of the amino alcohol in ethyl 
acetate (8 mL/mmol). The suspension was heated to reflux before it was treated with ethanol (0-5 
vol %) until complete dissolution occurred. For work up and additional recrystallization cycles, see 
GP-1a. 
 
5.2.2. General procedure for the liberation of the amino alcohol 85 from the corresponding 
mandelic acid salt (GP-2):  
 
In a separation funnel the mandelic acid ammonium salt was partitioned between 2 N HCl (3 
mL/mmol) and the same volume of ethyl acetate. When the salt was completely dissolved, the 
aqueous phase was extracted additionally three times with ethyl acetate. The combined organic 
phases were dried over MgSO4 and concentrated in vacuo providing the corresponding mandelic 
acid enantiomer in >99% yield. The recovered mandelic acid was pure by NMR and showed an 
identical value for optical rotation in comparison to the starting material; (R)-mandelic acid [α] 25D
 
= 
−154.2 (c = 2.03, H2O), (S)-mandelic acid [α] 25D
 
= +156.5 (c = 3.01, H2O). To the acidic aqueous 
phase and a double volume of diethyl ether 5 N NaOH was added carefully until pH = 9-14. After 
separation, the aqueous phase was extracted additionally three times with the same amount of 
diethyl ether and the combined organic phases were dried (MgSO4), filtered, and the solvent was 
evaporated to yield the amino alcohol in analytically pure form. 
 
5.2.3. General procedure for the epimerization of the N-benzyl-trans-2-aminocyclohexanol 
derivatives to the corresponding cis-amino alcohol (GP-3):  
 
a) Benzoylation of the amino function (GP-3a): Benzoyl chloride (0.98 eq) was added dropwise 
to a cooled solution (ice bath) of the amino alcohol 85 and 3.0 eq of Et3N in dichloromethane (2 
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mL/mmol amino alcohol). The reaction mixture was stirred overnight at rt, washed twice with 2 N 
HCl (2 mL/mmol), and after extraction of the acidic aqueous phase with the same volume of 
dichloromethane the combined organic phases were dried (MgSO4). Removal of the solvent in 
vacuo afforded the amide 88 in analytically pure form. 
 
b) Epimerization and hydrolysis (GP-3b): A solution of the benzoyl amide 88 in 
dichloromethane (0.6 mL/mmol) was added dropwise to thionyl chloride (3.8 eq) at 0 °C. After 
stirring the reaction mixture for 4 h at rt the solvent and the excess of thionyl chloride was removed 
under reduced pressure and the oily residue was treated with 6 N HCl (2.8 mL/mmol) and under 
vigorous stirring heated at reflux for 6 hours. Then, the suspension was cooled, the precipitated 
benzoic acid was filtered off, and the acidic aqueous phase was extracted three times with the same 
volume of ethyl acetate. 5 N NaOH was added carefully to the acidic aqueous phase and a double 
volume of diethyl ether until pH = 9-14. After separation, the aqueous phase was extracted 
additionally three times with the same amount of diethyl ether and the combined organic phases 
were dried (MgSO4), filtered and the solvent was evaporated to yield the crude cis-85, which was 
purified from traces of the trans analogue by flash column chromatography (diethyl 
ether/pentane/Et3N, 3:1:0.2).  
 
5.2.4. General procedure for the deprotection of N-benzyl-2-amino cyclohexanol 85 to the 
corresponding free amino alcohol under hydrogenation conditions (GP-4):  
 
A solution of the compound in dry MeOH (6 mL/mmol) was hydrogenated over 10% Pd/C (80 
mg/mmol) for 1-2 h at rt and at 1 atm. The complete conversion of the reaction was assured by 
TLC, the catalyst was removed by filtration through Celite, washed with MeOH and the filtrate 
was evaporated to give the free amino alcohol 90 in analytically pure form as a colourless solid. 
 
5.2.5. General procedure for the synthesis of amino alcohols 91 – 94, 96 – 97 (GP-5):  
 
To a solution of the free amino alcohol 90 in acetonitrile (6 mL/mmol) were added 1.0 eq of the 
corresponding dibromocompound and 4.0 eq of K2CO3. The mixture was refluxed for 18 h. After 
the reaction was complete according to TLC, the mixture was cooled and the solid was separated by 
filtration, washed with ethyl acetate and the combined filtrates were concentrated in vacuo. The 
5. Experimental Section 
 103 
residue was purified by flash column chromatography (diethyl ether/pentane/Et3N, 1:1:0.1) 
affording the double alkylated amino alcohol products. 
 
5.2.6. General procedures for the asymmetric phenyl transfer reaction (GP-6):  
 
Method A: In a glovebox a 10 mL vial was charged with diphenylzinc (35.5 mg, 0.16 mmol) and 
for the additive screening also with the corresponding compound (10 mol %, 0.025 mmol). The vial 
was sealed with a septum and removed from the glovebox. Freshly distilled toluene was added 
(1.25 mL). After the addition of ZnEt2 (1 M in heptane, 0.33 mL, 0.33 mmol), the mixture was 
stirred for 45 min at rt. Another vial was charged with the appropriate amino alcohol (10 mol %, 
0.025 mmol), sealed with a septum, and flushed with argon. Toluene (1 mL) was added and the 
solution was transferred via syringe into the first vial. The resulting mixture was stirred for 30 min 
at rt, then cooled to 10 °C and stirred for an additional 10 min at this temperature. A third vial was 
charged with aldehyde 99 (0.25 mmol), closed with a septum, flushed with argon, and the substrate 
was dissolved in toluene (1 mL). After cooling to 10 °C the solution was transferred via syringe into 
the other reaction vial. The resulting mixture was stirred for 12 h at 10 °C. Then the reaction was 
quenched with water. Diluted acetic acid (20% in water, 30 mL) was added and the mixture 
extracted with dichloromethane. The organic layer was washed with water, dried (MgSO4), filtered, 
and the solvent was removed under reduced pressure. The residue was purified by column 
chromatography (diethyl ether/pentane, 2:8) to give the desired alcohol 100. 
 
Method B: The protocol was identical to the one described for method A with the following 
exceptions: A 10 mL vial was charged with triphenylborane (60.5 mg, 0.25 mmol) and where 
necessary also with DiMPEG (Mw = 2000 g/mol, 10 mol %, 50 mg, 0.025 mmol). ZnEt2 (1 M in 
heptane, 0.75 mL, 0.75 mmol) in toluene (0.4 mL) and amino alcohol (1S,2R)-93 (10 mol %, 4.6 
mg, 0.025 mmol) in toluene (1 mL) were used. After the 12 h reaction time (at 0 °C) the mixture 
was quenched with water and acetic acid (20% in water, 30 mL) was added. The subsequent work-
up was performed as described above. 
 
Method C: A well-dried Schlenk tube was charged with phenyl boronic acid (73 mg, 0.6 mmol) 
and additive (10 mol %, 0.025 mmol) and was sealed with a septum. Freshly distilled toluene (1.5 
mL) was added followed by ZnEt2 (184 µL, 1.8 mmol). The mixture was heated to 60 °C, stirred for 
12 h at this temperature and afterwards cooled to rt. A 10 mL vial was charged with amino alcohol 
(1S,2R)-93 (10 mol %, 4.6 mg, 0.025 mmol), sealed with a septum, flushed with argon, and toluene 
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(1 mL) was added. The solution was transferred via syringe to the first solution. The mixture was 
stirred for 30 min at rt and then cooled to 10 °C. Stirring was continued for additional 10 min at this 
temperature. Another vial was charged with aldehyde 99a (0.25 mmol), and toluene (1 mL) was 
added. After cooling to 10 °C the solution was added via syringe to the other solution. The reaction 
was stirred for 12 h at 10 °C, and then quenched with water. Subsequently it was filtered through a 
pad of Celite and washed with dichloromethane. Acetic acid (20% in water, 30 mL) was added. 
The subsequent work-up was performed as described above. 
 
5.2.7. General procedure for the anhydride alcoholysis catalyzed by amino alcohols (GP-7):  
 
a) Alcoholysis with MeOH (GP-7a): In a flame-dried Schlenk tube the corresponding anhydride 
(1.0 mmol) was dried together with the appropriate amino alcohol (0.1 eq) for 30 min in HV. Under 
an argon atmosphere 5 mL of toluene was added and the mixture stirred for 15 min at the desired 
temperature and then cooled to –15 °C. After that, MeOH (3 eq) was added and the solution was 
stirred for 24 – 144 h. To the solution 2 N HCl was added (20 mL) and the mixture extracted with 
EtOAc (3 x 20 mL). The combined organic fractions were dried (MgSO4) and the solvent removed 
under reduced pressure. The crude hemiesters were purified by column chromatography (CH2Cl2 -> 
EtOAc). 
 
b) Alcoholysis with BnOH (GP-7b): In a flame-dried Schlenk tube the corresponding anhydride 
(1.0 mmol) was dried together with the appropriate amino alcohol (0.1 eq) for 30 min in HV. Under 
an argon atmosphere 5 mL of toluene was added and the mixture stirred for 15 min at the desired 
temperature and then cooled to – 15 °C. After that, MeOH (3 eq) was added and the solution was 
stirred for 24 – 144 h. To the solution 2 N HCl (20 mL) and Et2O (20 mL) were added. The mixture 
was washed with 2 N HCl (2 x 5 mL), followed by extraction of the aqueous phase with Et2O (3 x 
10 mL). The combined organic layers were extracted with a saturated sodium carbonate solution (3 
x 20 mL). The aqueous phases were combined and acidified with conc. HCl, extracted with CH2Cl2 
and the organic fractions were dried (MgSO4). Evaporation of the solvent afforded the 
corresponding hemiesters. 
 
5.2.8. General procedure for the anhydride opening in ball mill (GP-8):  
 
A dry, argon-purged ball milling vessel (45 mL volume) was charged with the appropriate 
anhydride (1.0 mmol), quinine or quinidine (1.1 mmol) and the appropriate alcohol (1.0 mmol). The 
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vessel was closed and milled using the following settings: 250 rpm milling speed, 25 min milling 
time, 5 min pause. This milling cycle was repeated until the reaction was found to be complete (24 
– 36 h). To the solid mixture 2 N HCl (20 mL) and EtOAc (30 mL) were added. The mixture was 
carefully washed into a separation funnel using mixtures of 2 N HCl and EtOAc. The layers were 
separated and the organic fraction was extracted with 2 N HCl (2x 15 mL). The organic layers were 
combined, dried (MgSO4) and solvent was evaporated under reduced pressure to furnish the crude 
product. In most cases the product was obtained in an analytically pure form, but if necessary the 
product was purified by column chromatography. 
 
5.2.9. General procedure for the asymmetric transfer hydrogenation (GP-9):  
 
In a flame-dried Schlenk tube a solution of the appropriate ligand (4.0 eq) and [(p-
cymene)RuCl2]2 or [IrCl(COD)]2 (3.4 mg, 0.005 mmol) in dry, degassed iPrOH (6 mL) was heated 
under an inert atmosphere of argon at 80 °C for 30 min. After cooling the orange mixture to the 
desired temperature, a solution of iPrONa or tBuOK in iPrOH (0.1 M, 0.6 mL, 0.06 mmol) and then 
a solution of the ketone (1 mmol) in i-PrOH (3.4 mL) was added. The resulting dark solution was 
stirred at the temperature and for the time indicated. Small aliquots were taken at different times 
and filtered over a plug of silica before being analyzed by GC or HPLC using chiral columns.  
 
5.2.10. General procedure for the reductive amination (GP-10):  
 
To a flame-dried round bottomed flask the appropriate amine (1.0 mmol), MgSO4 (1.4 eq) and dry 
EtOH (3 mL) were placed under an Ar-atmosphere. The desired aldehyde (2.0 eq) was added and 
the mixture stirred at rt for 2 h. After this, the mixture was cooled to 0 °C and NaBH4 (3 eq) was 
added in small portions. After the reaction was complete, the solids were filtered, washed with 
CH2Cl2 and the mixture was concentrated in vacuo. The residue was purified by column 
chromatography to afford the desired product.  
 
5.2.10. General procedure for the conjugate addition to vinyl sulfones (GP-11):  
 
To a flame-dried round bottomed flask the α-phenyl-α-cyanoethyl acetate (118, 95 mg, 0.5 mmol) 
and phenyl vinyl sulfone (119, 34 mg, 0.2 mmol) were dissolved in toluene (0.5 mL). The 
appropriate catalyst (1.1 or 0.2 eq) was added and the mixture stirred at room temperature for 18 h. 
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After the reaction was complete, toluene was evaporated in vacuo and the residue was purified by 
column chromatography (1:5 -> 1:1 EtOAc/pentane) to afford the desired product.  
 
5.2.11. General procedure for the conjugate addition of thiols to cyclic enones (GP-12): 
 
To a small vial cyclohexenone (115, 97 µL, 1.0 mmol) and benzyl thiol (117, 235 µL, 3.0 mmol) 
in 1.5 mL of toluene were placed. The corresponding amino alcohol (0.1 mmol) was added and the 
mixture was stirred for 72 h. After the reaction was complete, toluene was evaporated in vacuo and 
the residue purified by column chromatography (EtOAc/pentane, 1:5). 
 
5.2.12. General procedure for the asymmetric Henry-reaction (GP-13): 
 
In a small vial zinc triflate (108.9 mg, 0.3 mmol) was weighed under argon. To this, nitromethane 
(1 mL) and DIPEA (54 µL, 0.3 mmol) were added and the suspension was stirred for 1 h at rt. Then 
the amino alcohol (1.5 eq) was added and the mixture stirred at rt for 2 h. Finally the mixture was 
cooled to the desired temperature and the aldehyde 99 or 117 (1 eq) was added and the mixture 
stirred at this temperature for the time required. To the mixture Et2O (20 mL) was added and it was 
extracted with 1 N HCl (2 x 10 mL). The organic fraction was dried (MgSO4), evaporated and 
purified by column chromatography (Et2O/pentane, 1:3). 
 
5.3. Synthesis of amino alcohols 
 
5.3.1. (1S,2S)-trans-2-(N-Benzyl)amino-1-cyclohexanol (85):  
 
 
 
 
According to GP-1 and GP-2, the title compound was obtained from the corresponding (R)-
mandelic acid salt 86 (35.22 g, 98.53 mmol): 19.82 g (98%); colourless solid.  
 
Mp: 92 °C.  
Optical rotation: [α] 25D
 
= +79.7 (c = 1.05, MeOH).  
OH
N
H
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ee:  >99% [HPLC-analysis: Chiralcel OB-H at rt, n-heptane:2-propanol = 98:2, 0.5 mL/min, 220 
nm, t1 = 20.9 min (major), t2 = 26.9 min]. 
1H-NMR (300 MHz, CDCl3): δ = 0.91-1.06 (1 H, m), 1.12-1.33 (3 H, m), 1.64-1.76 (2 H, m), 
1.94-2.04 (1 H, m), 2.09-2.20 (1 H, m), 2.29 (1 H, J = 3.9, 9.4, 13.4 Hz, ddd), 3.19 (1 H, J = 4.9, 
12.1 Hz, dt), 3.67 (1 H, J = 12.9 Hz, AB-system), 3.93 (1 H, J = 12.9 Hz, AB-system), 7.20-7.29 (1 
H, m), 7.30-7.35 (4 H, m).  
13C-NMR (75 MHz, CDCl3): δ = 24.4, 25.1, 30.5, 33.4, 50.8, 63.1, 73.7, 127.0, 128.1, 128.4, 
140.5.  
IR (KBr): ν = 3295, 3109, 3061, 3025, 2934, 2855, 1450, 1432, 1099, 1078 cm−1.  
MS (EI, DIP): m/z = 205 (M+, 51), 146 (100), 120 (15), 114 (19), 106 (14), 91 (75).  
Elementar analysis for C13H19NO  Calcd:  C, 76.06; H, 9.33; N, 6.82.  
Found: C, 76.41; H, 9.50; N, 6.79. 
 
5.3.2. (1R,2R)-trans-2-(N-Benzoyl-N-benzyl)amino-1-cyclohexanol (88):  
 
 
 
 
The title compound was synthesized according to GP-3a by reaction of N-benzylamino alcohol 
(1R,2R)-85 (9.27 g, 45.13 mmol) with benzoyl chloride (5.1 mL, 6.22 g, 44.23 mmol, 0.98 eq) in 
presence of Et3N (19.0 mL, 13.79 g, 136.0 mmol, 3 equiv): 13.41 g (98%); colourless solid.  
 
Mp: 122.5 °C.  
Optical rotation: [α] 25D
 
= −1.3 (c = 3.10, MeOH).  
1H-NMR (400 MHz, CD3OD): [mixture of two rotamers A:B = 80:20] δ = 0.82-1.44 (8 H, m, 
A+B), 1.51-1.75 (6 H, m, A+B), 1.91-1.99 (1 H, m, A), 2.01-2.09 (1 H, m, B), 3.54 (1 H, J = 3.7, 
9.7 Hz, dt, A), 3.67 (1 H, J = 4.5, 9.9 Hz, dt, A), 3.85 (1 H, br s, B), 4.05 (1 H, br s, B), 4.33 (1 H, J 
= 15.8 Hz, d, A), 4.57 (2 H, J = 4.5 Hz, d, B), 4.86 (4 H, s, A+B), 5.17 (1 H, J = 15.8 Hz, d, A), 
7.16-7.53 (20 H, m, A+B).  
OH
N
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13C-NMR (100 MHz, CD3OD): δ = 25.1 (A), 25.5 (B), 26.2 (A), 26.5 (B), 30.7 (B), 31.9 (A), 
35.8 (A), 36.6 (B), 45.6 (A+B), 66.8 (A+B), 70.1 (A), 70.4 (B), 127.4 (B), 127.6 (A), 127.8 (A+B), 
128.0 (A), 128.2 (B), 129.2 (A+B), 129.3 (A+B), 130.2 (B), 130.3 (A), 138.2 (A+B), 140.2 (A+B), 
175.5 (A+B).  
IR (KBr): ν = 3368, 2932, 2860, 1604, 1444, 1075 cm−1.  
MS (EI, DIP): m/z = 309 (M+, 8), 212 (100), 105 (81), 91 (29), 77 (15).  
Elementar analysis for C20H23NO2  Cacld:  C, 77.64; H, 7.49; N, 4.53.  
Found: C, 77.48; H, 7.33; N, 4.51. 
 
5.3.3. (1S,2R)-cis-2-(N-Benzyl)amino-1-cyclohexanol (85): 
 
 
 
 
 
According to GP-3b, the title compound was obtained from the corresponding amide 88 (3.44 g, 
9.62 mmol): 1.76 g (87%); colourless solid. 
 
 Mp: 95.5 °C. 
Optical rotation: [α] 25D  = +14.0 (c = 1.00 in CHCl3). 
ee: >99% [HPLC-analysis: Chiralcel OB-H at rt, n-heptane:2-propanol = 98:2, 0.5 mL/min, 220 
nm, t1 = 18.4 min (major), t2 = 21.9 min] 
1H-NMR (400 MHz, CDCl3): δ = 1.22-1.46 (4 H, m), 1.51-1.64 (3 H, m), 1.81-1.90 (1 H, m), 
2.62 (1 H, dt, J = 3.5, 9.9 Hz), 3.74 (1 H, AB-system, J = 12.8 Hz), 3.81 (1 H, AB-system, J = 12.9 
Hz), 3.83-3.87 (1 H, m), 7.22-7.28 (1 H, m), 7.29-7.36 (4 H, m). 
13C-NMR (100 MHz, CDCl3): δ = 20.1, 23.7, 27.1, 30.2, 50.8, 58.1, 65.8, 126.9, 127.8, 128.3, 
140.2. 
MS (EI, DIP): m/z =  205 (M+, 46), 146 (100), 120 (16), 114 (20), 106 (13), 91 (75). 
IR (KBr): ν = 3273, 3115, 3065, 3031, 2932, 2849, 1456, 1092 cm−1. 
 
OH
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Elemental analysis for C13H19NO  Calcd:  C, 76.06; H, 9.33; N, 6.82. 
Found: C, 76.02; H, 9.20; N, 6.82. 
 
5.3.4. (1S,2S)-trans-2-Amino-1-cyclohexanol (90):  
 
 
 
According to GP-4, the title compound was prepared by hydrogenation of (1S,2S)-85 (6.33 g, 
30.83 mmol): 3.45 g (97%); colourless solid.  
 
Mp: 68 °C.  
Optical rotation: [α] 25D
 
= +41.8 (c = 1.19, MeOH).  
1H-NMR (400 MHz, CDCl3): δ = 1.05-1.17 (1 H, m), 1.19-1.33 (3 H, m), 1.61-1.75 (2 H, m), 
1.81-1.89 (1 H, m), 1.91-1.97 (1 H, m), 2.45 (1 H, J = 4.4, 9.1, 13.5 Hz, ddd), 2.75 (3 H, br s), 3.12 
(1 H, J = 4.8, 11.9 Hz, dt).  
13C-NMR (100 MHz, CDCl3): δ = 24.8, 25.0, 33.9, 34.3, 57.0, 75.4.  
IR (KBr): ν = 3351, 3331, 3280, 3100, 2929, 2856, 1587, 1073 cm−1.  
MS (EI, DIP): m/z = 115 (M+, 29), 72 (16), 56 (100).  
Elementar analysis for C6H13NO  Calcd: C, 62.57; H, 11.38; N, 12.16.  
Found: C, 62.57; H, 11.37; N, 11.95. 
 
5.3.5. (1R,2S)-cis-2-Amino-1-cyclohexanol (90):  
 
 
 
According to GP-4, the title compound was prepared by hydrogenation of (1R,2S)-85 (6.95 g, 
33.85 mmol): 3.82 g (98%); colourless solid.  
NH2
OH
NH2
OH
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Mp: 89.5 °C.  
Optical rotation: [α] 25D
 
= −26.6 (c = 3.02, MeOH).  
1H-NMR (300 MHz, CD3OD): δ = 1.26-1.40 (2 H, m), 1.44-1.66 (5 H, m), 1.69-1.80 (1 H, m), 
2.66-2.74 (1 H, m), 3.71-3.79 (1 H, m), 4.80 (3 H, br s).  
13C-NMR (75 MHz, CD3OD): δ = 21.6, 24.2, 30.6, 32.1, 53.4, 71.2.  
IR (KBr): ν = 3352, 3329, 3108, 2930, 2857, 1580, 1072, 778, 645 cm−1.  
MS (EI, DIP): m/z = 115 (M+, 45), 72 (20), 56 (100).  
Elementar analysis for C6H13NO  Calcd:  C, 62.57; H, 11.38; N, 12.16.  
Found: C, 62.53; H, 11.10; N, 12.02. 
 
5.3.6. (1S,2S)-trans-2-(Pyrrolidin-1’-yl)-cyclohexanol (92): 
 
 
 
The title compound was obtained according to GP-5 from the corresponding free amino alcohol 
(1S,2S)-90 (1.00 g, 8.68 mmol) and 1,4-dibromo butane (99%, 1.05 mL, 8.68 mmol, 1.0 eq). The 
residue was purified by column chromatography (EtOAc) to afford the title compound: 1.19 g 
(81%); colourless oil. 
 
Optical rotation: [α] 25D  = +68.7 (c = 1.10 in CH2Cl2). 
1H-NMR (300 MHz, CDCl3): δ = 1.16-1.31 (4 H, m), 1.70-1.80 (7 H, m), 2.07-2.15 (1 H, m), 
2.41-2.51 (1 H, m), 2.53-2.61 (2 H, m), 2.65-2.74 (2 H, m), 3.35 (1 H, J = 4.7, 9.6 Hz, dt), 4.04 (1 
H, s). 
13C-NMR (75 MHz, CDCl3): δ = 21.2, 23.7, 24.3, 25.4, 33.4, 47.3, 65.1, 70.8. 
MS (EI, DIP): m/z =  170 (M+, 10), 169 (51), 111 (10), 110 (100), 97 (20), 84 (23). 
IR (KBr): ν = 3454, 2931, 2860, 2811, 1451, 1077 cm−1. 
 
N
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HRMS for C10H19NO   Calcd:  169.1467. 
Found: 169.1467. 
 
5.3.7. (1R,2R)-trans-2-(1’,3’-Dihydroisoindol-2’-yl)-cyclohexanol (97): 
 
 
 
 
The title compound was obtained according to GP-5 from the free amino alcohol (1R,2R)-90 
(1.94 g, 16.82 mmol) and α,α’-dibromo-o-xylene (96%, 4.63 g, 16.82 mmol, 1.0 eq). The residue 
was purified by flash column chromatography (diethyl ether/pentane/Et3N, 3:1:0.2) affording the 
title compound: 3.07 g (84%); colourless solid. 
 
Mp: 94 °C. 
Optical rotation: [α] 25D  = -61.3 (c = 2.80 in CHCl3). 
1H-NMR (400 MHz, CDCl3): δ = 1.24-1.35 (4 H, m), 1.73-1.77 (1 H, m), 1.78-1.84 (2 H, m), 
2.12-2.18 (1 H, m), 2.59 (1 H, dt, J = 3.0, 7.4 Hz), 3.41-3.48 (1 H, m), 3.82 (1 H, br s), 4.01-4.09 (4 
H, m). 
13C-NMR (100 MHz, CDCl3): δ = 21.8, 24.2, 25.2, 33.2, 52.8, 65.2, 70.7, 122.2, 126.5, 139.5. 
MS (EI, DIP): m/z = 218 (M+, 8), 217 (49), 216 (28), 174 (3), 159 (13), 158 (100), 145 (10), 144 
(24), 132 (14) 131 (14), 118 (22), 117 (8), 105 (5) 104 (4). 
IR (KBr): ν = 2923, 2851, 2793, 1459, 1444, 1356, 1113, 1075 cm−1. 
Elemental analysis for C14H19NO4  Calcd:  C, 77.38; H, 8.81; N, 6.45. 
Found: C, 77.43; H, 8.72; N, 6.35. 
 
 
 
 
N
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5.3.8. (1R,2R)-trans-2-(Piperidin-1’-yl)-cyclohexanol (93): 
 
 
 
  
The title compound was obtained according to GP-5 from the corresponding free amino alcohol 
(1R,2R)-90 (1.39 g, 12.09 mmol) and 1,5-dibromo pentane (97%, 1.7 mL, 12.09 mmol, 1.0 eq). The 
residue was purified by column chromatography (EtOAc) to afford the title compound: 1.88 g 
(85%); colourless oil. 
 
Optical rotation: [α] 25D
 
= −54.5 (c = 3.00, CHCl3). 
1H-NMR (300 MHz, CDCl3): δ = 1.08-1.30 (4 H, m), 1.36-1.48 (2 H, m), 1.48-1.66 (4 H, m), 
1.66-1.73 (1 H, m), 1.73-1.83 (2 H, m), 2.06-2.19 (2 H, m), 2.27-2.37 (2 H, m), 2.62-2.72 (2 H, m), 
3.30-3.41 (1 H, m), 4.10 (1 H, s).  
13C-NMR (75 MHz, CDCl3): δ = 22.2, 24.2, 24.9, 25.7, 26.8, 33.3, 49.7, 68.5, 71.0.  
IR (KBr): ν  = 3452, 2931, 2855, 2803, 1449, 1407, 1305, 1082, 1039 cm−1.  
MS (EI, DIP): m/z = 183 (M+, 19), 166 (1), 154 (3), 140 (5), 124 (100), 111 (8), 98 (17), 96 (9), 
84 (6).  
Elementar analysis for C11H21NO Calcd:  C, 72.08; H, 11.55; N, 7.64.  
Found: C, 71.86; H, 11.64; N, 7.84. 
 
5.3.9. (1R,2R)-trans-2-(Morpholin-4’-yl)-1-cyclohexanol (96): 
 
 
 
 
To a mixture of the free amino alcohol (1R,2R)-90 (1.15 g, 10.00 mmol) and Et3N (4.2 mL, 3.05 
g, 30.30 mmol, 3.0 eq) in 10 mL of DMSO was added dropwise a solution of 2-bromoethyl ether 
N
OH
N
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(90%, 1.4 mL, 2.58 g, 10.00 mmol) in 1 mL of DMSO. The reaction mixture was stirred at rt for 60 
h, then poured into 100 mL aq 0.25 N NaOH and extracted four times with 80 mL of ethyl ether. 
The combined organic phases were dried (MgSO4), filtered and evaporation of the solvent yielded 
the crude product, which was purified by flash column chromatography (diethyl ether/pentane/Et3N, 
1:1:0.1) delivering the title compound: 1.41 g (76%); colourless oil.256 
 
Optical rotation: [α] 25D
 
= −50.4 (c = 2.99, CDCl3). 
1H-NMR (300 MHz, CDCl3): δ = 1.11-1.32 (4 H, m), 1.67-1.74 (1 H, m), 1.77-1.86 (2 H, m), 
2.09-2.22 (2 H, m), 2.39-2.46 (2 H, m), 2.68-2.76 (2 H, m), 3.34-3.42 (1 H, m), 3.65-3.77 (4 H, m), 
3.92 (1 H, s).  
13C-NMR (75 MHz, CDCl3): δ = 22.3, 24.1, 25.5, 33.2, 48.8, 67.5, 68.4, 70.5. 
IR (KBr): ν = 3456, 2931, 2855, 1451, 1117, 1077 cm−1.  
MS (EI, DIP): m/z = 185 (M+, 42), 168 (1), 142 (4), 126 (100), 113 (6), 100 (16), 86 (3), 70 (3). 
Elementar analysis for C10H19NO2  Calcd:  C, 64.83; H, 10.34; N, 7.56. 
Found: C, 64.90; H, 10.35; N, 7.96. 
 
5.3.10. (1R,2R)-trans-2-(N,N-Dibenzyl)amino-1-cyclohexanol (95): 
 
 
  
A mixture of the N-benzyl amino alcohol (1R,2R)-85 (4.76 g, 23.18 mmol), benzyl bromide (98%, 
2.95 mL, 4.24 g, 24.31 mmol, 1.05 eq) and K2CO3 (3.20 g, 23.18 mmol, 1.0 eq) in 100 mL of 
acetonitrile was stirred at 60 °C for 3 h (complete conversion of the reaction was monitored by 
TLC). The solid was separated by filtration, washed with ethyl acetate and the combined filtrates 
were concentrated in vacuo. The residue was taken up in 100 mL of ethyl acetate and extracted 
three times with 40 mL of 2 N HCl. The combined acidic aqueous phases were washed additionally 
three times with 50 mL of ethyl acetate, then mixed with 150 mL of diethyl ether and 5 N NaOH 
was added carefully until pH = 9-14. After separation, the aqueous phase was extracted additionally 
three times with 50 mL of diethyl ether and the combined organic phases were dried (MgSO4), 
                                                
256
 The synthesis of this compound using GP-5 afforded lower yields. 
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filtered and concentrated under reduced pressure providing the title compound in analytically pure 
form: 6.03 g (88%), colourless solid. 
  
Mp: 98.5 °C. 
Optical rotation: [α] 25D
 
= −105.2 (c = 2.71, CHCl3).  
1H-NMR (300 MHz, CDCl3): δ = 1.03-1.32 (4 H, m), 1.66-1.82 (2 H, m), 1.91-2.11 (2 H, m), 
2.35 (1 H, dt, J = 3.3, 8.4 Hz), 3.36 (2 H, d, J = 13.4 Hz), 3.50 (1 H, dt, J = 4.2, 9.9 Hz), 3.67 (1 H, 
br s), 3.84 (2 H, d, J = 13.4 Hz), 7.20-7.34 (10 H, m). 
13C-NMR (75 MHz, CDCl3): δ = 22.1, 24.1, 25.5, 33.2, 53.6, 64.2, 69.0, 127.1, 128.5, 128.9, 
139.4. 
IR (KBr): ν = 3443, 3024, 2934, 2856, 2832, 2803, 1452, 1093, 1069, 1048, 987 cm−1.  
MS (EI, DIP): m/z = 296 (14), 295 (70), 237 (18), 236 (100), 210 (13), 204 (19), 132 (11), 106 
(7), 91 (89). 
Elementar analysis for C20H25NO Calcd:  C, 81.31; H, 8.53; N, 4.74.  
Found: C, 81.51; H, 8.52; N, 4.59. 
 
5.3.11. (1R,2S)-cis-2-(Pyrrolidin-1’-yl)-cyclohexanol (92): 
 
 
 
The title compound was obtained according to GP-5 from the corresponding free amino alcohol 
(1R,2S)-90 (300 mg, 2.6 mmol) and 1,4-dibromo butane (99%, 0.31 mL, 567 mg, 2.6 mmol, 1.0 
eq). The residue was purified by column chromatography (Et2O + 3 % Et3N) to afford the title 
compound: 220 mg (50%); colourless solid. 
  
Mp: 103 °C. 
Optical rotation: [α] 25D
 
= +27.7 (c = 1.07, CHCl3).  
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1H-NMR (300 MHz, CDCl3): δ = 1.05-1.55 (5 H, m), 1.58-1.74 (6 H, m), 1.90-2.02 (2 H, m), 
2.54-2.64 (2 H, m), 3.07 (1 H, br s), 3.89 (1 H, d, J = 2.5 Hz).  
13C-NMR (75 MHz, CDCl3): δ = 19.3, 23.3, 24.9, 26.2, 30.5, 51.1, 66.0, 66.1.  
IR (KBr): ν = 3180, 2943, 2848, 2790, 1437, 1368, 1279, 1199, 1121, 990, 917, 884, 733 cm−1. 
MS (EI, DIP): m/z = 169 (M+, 24), 152 (1), 140 (2), 126 (5), 110 (100), 97 (12), 84 (18), 70 (7).  
HRMS for C10H19NO   Calcd:  169.1467. 
Found: 169.1467. 
 
5.3.12. (1S,2R)-cis-2-(Azetidin-1’-yl)-cyclohexanol (91): 
 
 
 
The title compound was obtained according to GP-5 from the corresponding free amino alcohol 
(1S,2R)-90 (300 mg, 2.6 mmol) and 1,4-dibromo propane (99%, 0.27 mL, 2.6 mmol, 1.0 eq): 145 
mg (36%); colourless solid, decomposes on standing. The compound was identified according to its 
MS-spectra. NMR-spectrum contained the characteristic signals, but due to decomposition also a lot 
of other signals. 
  
Mp: decomposes. 
MS (EI, DIP): m/z = 155 (M+, 24), 126 (6), 96 (100), 83 (20), 70 (30), 56 (20).  
A correct elemental analysis or HRMS-analysis could not be obtained as the compound 
decomposed too rapidly. 
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5.3.13. (1S,2R)-cis-2-(Azepan-1’-yl)-cyclohexanol (94):  
 
 
 
The title compound was obtained according to GP-5 from the corresponding free amino alcohol 
(1R,2S)-90 (300 mg, 2.6 mmol) and 1,6-dibromo hexane (96%, 0.42 mL, 661 mg, 2.6 mmol, 1.0 
eq): 277 mg (54%); colourless solid. 
  
Mp: 49.5-51.5 °C. 
Optical rotation: [α] 25D
 
= −28.7 (c = 2.63, CHCl3).  
1H-NMR (300 MHz, CDCl3): δ = 1.00-1.73 (16 H, m), 1.90-2.00 (1 H, m), 2.30-2.39 (1 H, m), 
2.68-2.76 (4 H, m), 3.88 (1 H, br s).  
13C-NMR (75 MHz, CDCl3): δ = 19.3, 24.7, 25.2, 27.0, 28.7, 30.4, 51.1, 62.7, 64.7.  
IR (KBr): ν = 3137, 2927, 2851, 1452, 1366, 1132, 1082, 989, 918 cm−1.  
MS (EI, DIP): m/z = 197 (M+, 22), 180 (1), 168 (3), 154 (4), 138 (100), 125 (4), 112 (15), 110 
(9), 98 (5).  
HRMS for C12H23NO   Calcd:  197.1780.  
Found: 197.1780. 
 
5.3.14. (1S,2R)-cis-2-(N,N-Dibenzyl)amino-1-cyclohexanol (95): 
 
 
 
  
As described for the corresponding trans-analogue (1R,2R)-95, mono N-benzyl amino alcohol 
(1S,2R)-85 (100 mg, 0.49 mmol) was treated with benzyl bromide (98%, 62 µL, 89 mg, 0.51 mmol, 
1.05 eq) in presence of K2CO3 (67 mg, 0.49 mmol, 1.0 eq): 156 mg (61%); colourless solid.  
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Mp: 65.5-67.0 °C. 
Optical rotation: [α] 25D
 
= +7.5 (c = 1.39, CHCl3).  
1H-NMR (300 MHz, CDCl3): δ = 1.00-1.60 (5 H, m), 1.62-1.72 (2 H, m), 1.82-1.92 (1 H, m), 
2.54-2.65 (2 H, m), 3.73 (4 H, s), 4.11 (1 H, br s), 7.10-7.26 (10 H, m).  
13C-NMR (75 MHz, CDCl3): δ = 19.4, 24.7, 25.5, 31.3, 54.5, 62.9, 66.5, 126.8, 128.3, 128.5, 
140.3.  
IR (KBr): ν = 3465, 3077, 3022, 2929, 2890, 2843, 1492, 1449, 1365, 1241, 1133, 1097, 1072, 
974, 741, 698 cm−1.  
MS (EI, DIP): m/z = 295 (M+, 77), 236 (100), 210 (13), 204 (16), 181 (5), 132 (11), 106 (5), 91 
(90), 65 (7). 
HRMS for C20H25NO   Calcd:  295.1936.  
Found: 295.1936. 
 
5.3.15. (1S,2R)-cis-2-(N-Isobutyl)amino-1-cyclohexanol (170):  
 
 
 
The title compound was synthesized according to GP-10 by reaction of amino alcohol (1S,2R)-90 
(212 mg, 1.84 mmol) with isobutyraldehyde (335 µL, 265 mg, 3.68 mmol, 2.0 eq) and NaBH4 (209 
mg, 5.52 mmol, 3.0 eq): 136 mg (43%); colourless oil. 
 
Optical rotation: [α] 25D
 
= +4.6 (c = 1.17, CHCl3).  
1H-NMR (300 MHz, CDCl3): δ = 0.84 (3 H, d, J = 5.2 Hz), 0.87 (3 H, d, J = 5.2 Hz), 1.02-1.70 
(9 H, m), 1.80-1.94 (1 H, m), 2.27-2.49 (3 H, m), 3.89-3.99 (1 H, m).  
13C-NMR (75 MHz, CDCl3): δ = 20.1, 20.6, 23.8, 27.3, 28.7, 30.1, 54.7, 58.7, 65.8.  
IR (KBr): ν = 3415, 2933, 2864, 1464, 1117, 985 cm−1.  
MS (EI, DIP): m/z = 171 (M+, 6), 142 (2), 128 (100), 112 (30), 110 (25), 98 (16), 81 (15), 56 
(20). 
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HRMS for C10H21NO  Calcd:  171.1623. 
   Found: 171.1623. 
 
5.3.16. (1R,2R)-trans-1-Methoxy-2-(piperidin-1’-yl)-cyclohexane (101): 
 
 
 
 
The enantiopure amino alcohol (1R,2R)-93 (0.40 g, 2.18 mmol) in THF (5 mL) was added to a 
suspension of NaH (0.15 g, 3.27 mmol, 1.5 eq) in THF (10 mL) at 0 °C. After stirring for 15 min in 
ice-bath, MeI (0.163 mL, 1.2 eq) was added and the mixture was heated at 70 ˚C for 5 h. After the 
reaction was complete, it was cooled to room temperature and 20 mL of sat. NaHCO3 was added. 
The mixture was extracted with Et2O (3 x 20 mL), the organic layers were combined and dried 
(MgSO4). Column chromatography (EtOAc) afforded the product: 0.33 g (77%), colourless oil. 
  
Optical rotation: [α] 25D  = −29.9 (c = 2.02, CDCl3).  
1H-NMR (300 MHz, CDCl3): δ = 1.00-1.28 (4 H, m), 1.32-1.59 (6 H, m), 1.59-1.72 (2 H, m), 
1.72-1.83 (1 H, m), 1.96-2.15 (1 H, m), 2.21-2.37 (1 H, m), 2.48-2.62 (4 H, m), 3.01-3.19 (1 H, m), 
3.40 (3 H, s).  
13C-NMR (75 MHz, CDCl3): δ = 24.5, 25.1, 25.3, 25.8, 26.8, 31.3, 50.4, 56.6, 68.6, 79.9.  
IR (KBr): ν = 2929, 2855, 2815, 1104 cm−1.  
MS (EI, DIP): m/z = 197 (M+, 24), 182 (61), 124 (100), 98 (17).  
Elementar analysis for C12H23NO  Calcd:  C, 73.04; H, 11.75; N, 7.10.  
Found: C, 72.81; H, 11.85; N, 7.02. 
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5.3.17. (1R,2R)-trans-2-(N,N-Dimethylamino)-1-cyclohexanol (98): 
 
 
 
   To the enantiopure amino alcohol (1R,2R)-90 (0.50 g, 4.34 mmol) was added HCOOH (1.64 
mL, 10 eq) and HCHO (2.11 mL, 6 eq, 37% aq solution) at 0 °C. The mixture was heated at 90 ˚C 
overnight. The reaction mixture was basified with 1 M NaOH (20 mL) and extracted with Et2O 
(3x20 mL). The organic layers were combined and dried (MgSO4). After column chromatography 
(Et2O + 5% Et3N) the product was isolated: 0.26 g (41%), decomposes slowly (turns brown).  
 
Optical rotation: [α] 25D
 
= −53.2 (c = 2.08, CDCl3).  
1H-NMR (400 MHz, CDCl3): δ = 1.00-1.28 (4 H, m), 1.60-1.80 (3 H, m), 2.02-2.19 (2 H, m), 
2.23 (6 H, s), 3.24-3.34 (1 H, m), 3.88 (1 H, br s).  
13C-NMR (100 MHz, CDCl3): δ = 20.4, 24.2, 25.4, 33.2, 40.2, 69.3, 69.5.  
IR (KBr): ν = 3457, 2934, 2862, 2832, 2782, 1454, 1272, 1118, 1081, 1036, 948, 874, 732 cm−1.  
MS (EI, DIP): m/z = 143 (M+, 29), 114 (4), 100 (5), 84 (100), 71 (23), 58 (23).  
Elementar analysis for C8H17NO  Calcd:  C, 67.09; H, 11.96; N, 9.78.  
Found: C, 67.02; H, 11.22; N, 10.13. 
 
5.3.18. (1R,2S)-1-(Piperidin-1’-yl)-indan-2-ol (104): 
 
  
 
 
The product was synthesized according to general procedure GP-5 from (1R,2S)-1-amino-indan-
2-ol (500 mg, 3.35 mmol) and 1,5-dibromopentane (97%, 0.47 mL, 3.35 mmol, 1.0 eq). The residue 
was purified by column chromatography (Et2O) to afford the desired product: 0.36 g (49%), 
colourless solid. 
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Mp: 89.5-90.5 ˚C. 
Optical rotation: [α] 25D
 
= +18.0 (c = 1.90, CDCl3).  
1H-NMR (400 MHz, CDCl3): δ = 1.26-1.38 (2 H, m), 1.41-1.60 (4 H, m), 2.22-2.38 (2 H, m), 
2.43-2.55 (2 H, m), 2.69 (1 H, J = 7.6 Hz, dd), 3.21 (1 H, J = 8.1 Hz, dd), 3.97 (1 H, J = 8.9 Hz, d), 
4.35 (1 H, J = 8.1 Hz, q), 7.09-7.28 (4 H, m).  
13C-NMR (100 MHz, CDCl3): δ = 24.1, 26.6, 41.7, 52.5, 69.0, 70.8, 125.4, 126.3, 128.3, 138.9, 
141.6.  
IR (KBr): ν = 3135, 2927, 2889, 2807, 1460, 1312, 1167, 1127, 1056, 860, 819, 750 cm−1.  
MS (EI, DIP): m/z = 217 (M+, 100), 188 (32), 174 (35), 132 (35), 105 (19), 84 (64).  
HRMS for C14H19NO:   Calcd:  217.1466.  
Found: 217.1464. 
 
5.3.19. (1R,2S)-cis-1,2-Diphenyl-2-(pyrrolidin-1’-yl)-ethanol (122): 
 
 
 
 
 
The compound was synthesized according to GP-5 from (1R,2S)-1,2-diphenyl-2-amino ethanol 
(213 mg, 1.0 mmol) and 1,4-dibromobutane (132 µL, 1.1 mmol, 1.1 eq). The residue was purified 
by column chromatography to yield the desired product: 100 mg (37%), colourless solid. 
 
Mp: 111.5 ˚C. 
Optical rotation: [α] 25D
 
= −84.7 (c = 1.02, CDCl3).  
1H-NMR (400 MHz, CDCl3): δ = 1.80-1.90 (4 H, m), 2.55-2.66 (2 H, m), 2.70-2.80 (2 H, m), 
3.30 (1 H, J = 3.3 Hz, d), 3.71 (1 H, br s), 5.25 (1 H, J = 3.3 Hz, d), 6.90-7.02 (4 H, m), 7.06-7.19 
(6 H, m).  
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13C-NMR (100 MHz, CDCl3): δ = 23.5, 52.9, 74.0, 76.8, 126.0, 126.6, 126.9, 127.1, 127.3, 
129.1, 137.4, 140.6.  
IR (KBr): ν = 3463, 3031, 2967, 2797, 1492, 1452, 1334, 1196, 1127, 1051, 774, 699 cm−1.  
MS (EI, DIP): m/z = 160 (M+, 100), 131 (2), 91 (10), 77 (3).  
Elementar analysis for C18H21NO  Calcd:  C, 80.86; H, 7.92; N, 5.24.  
Found: C, 80.78; H, 7.70; N, 5.19. 
 
5.3.20. (1R,2R)-trans-2-(N-Ethylamino)-1-cyclohexanol (203): 
 
 
 
The compound was synthesized according to GP-10 from the free amino alcohol (1R,2R)-90 (115 
mg, 1 mmol) and acetaldehyde (67.8 µL, 1.2 eq) to yield the desired product 207: 142 mg (99%) 
colourless oil [decomposes (turns brown) over time]. 
 
Optical rotation: [α] 25D
 
= −60.2 (c = 1.66, CDCl3).  
1H-NMR (400 MHz, CDCl3): δ = 0.85-1.20 (1 H, m), 1.08 (3 H, J = 7.1 Hz, t), 1.16-1.32 (3 H, 
m), 1.62-1.79 (3 H, m), 1.95-2.12 (2 H, m), 2.14-2.24 (1H, m), 2.44-2.54 (1 H, m), 2.75-2.86 (1 H, 
m), 3.10-3.19 (1 H, m).  
13C-NMR (100 MHz, CDCl3): δ = 15.9, 24.5, 25.2, 30.6, 33.5, 40.9, 63.4, 73.7.  
IR (KBr): ν = 3385, 2932, 2858, 1452, 1355, 1128, 1070, 840, 733 cm−1.  
MS (EI, DIP): m/z = 143 (M+, 29), 128 (8), 114 (5), 100 (15), 84 (100), 71 (13), 56 (15).  
HRMS for C8H17NO   Calcd:  143.1310.  
Found: 143.1312. 
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5.3.21. (1R,2S)-cis-2-(N-Ethylamino)-1-cyclohexanol (204): 
 
 
 
The compound was synthesized according to GP-10 from the free amino alcohol (1R,2S)-90 (150 
mg, 1.30 mmol) and acetaldehyde (88 µL, 1.56 mmol, 1.2 eq). After flash chromatography (Et2O, 
5% MeOH, 3% Et3N) the desired product was obtained: 71 mg (38%), colourless solid. 
 
Mp: 67-70 ˚C. 
Optical rotation: [α] 25D
 
= −7.9 (c = 0.77, CDCl3).  
1H-NMR (400 MHz, CDCl3): δ = 1.15-1.65 (9 H, m), 1.08 (3 H, J = 7.1 Hz, t), 1.77-1.89 (1H, 
m), 2.50-2.58 (1 H, m), 2.63 (2 H, J = 7.1 Hz, q), 3.78 (1 H, s).  
13C-NMR (100 MHz, CDCl3): δ = 15.7, 20.1, 23.8, 27.3, 30.3, 41.0, 58.7, 66.0.  
IR (KBr): ν = 3415, 2932, 2861, 2362, 2335, 1647, 1451, 1108, 987, 799 cm−1.  
MS (EI, DIP): m/z = 143 (M+, 43), 128 (11), 114 (9), 100 (17), 84 (100), 71 (21).  
Elementar analysis for C8H17NO*0.32H2O  Calcd:  C, 64.49; H, 11.93; N, 9.40.  
Found: C, 64.87; H, 11.96; N, 9.02. 
 
5.4. The asymmetric anhydride opening using amino alcohols as catalysts 
 
5.4.1. (2R,3S)-3-endo-Methoxycarbonyl-bicyclo[2.2.1]-hept-5-ene-2-endo-carboxylic acid 
(32b):  
 
 
 
The compound was isolated as a colourless solid according to GP-7a using anhydride 27 (164.0 
mg, 1 mmol), methanol (122 µL, 3.0 mmol) and amino alcohol (1S,2S)-93 as catalyst: 157 mg 
(80%), colourless solid. 
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ee: 81% as determined by a chiral GC-analysis of the corresponding lactone:  Lipodex E, t1 = 84.4 
min, t2 = 84.9 min (major).  
1H-NMR (400 MHz, CDCl3): δ = 1.31 (1 H, J = 8.8 Hz, d), 1.46 (1 H, J = 8.5 Hz, d), 3.15 (2 H, 
J = 13.7 Hz, d), 3.21-3.35 (2 H, m), 3.56 (3 H, s), 6.15-6.21 (1 H, m),  6.25-6.33 (1 H, m) 10.96 (1 
H, br s).  
13C-NMR (100 MHz, CDCl3): δ = 46.0, 46.5, 48.0, 48.2, 48.7, 51.4, 134.1, 135.4, 172.7, 178.4.  
All other analytical data is in accordance with the ones already published. 
 
5.4.2. (2S,3R)-3-endo-Methoxycarbonyl-1,2,3,4-tetrahydro-1,4-methano-naphthalene-2-
carboxylic acid (111):  
 
 
 
The compound was synthesized according to GP-7a from the anhydride 110 (214 mg, 1 mmol), 
MeOH (122 µL, 3 mmol) and amino alcohol (1R,2R)-93 as catalyst. The desired product was 
obtained: 143 mg (67%), colourless solid. 
In order to determine the ee, the initial product was converted into the corresponding methyl(p-
methylbenzyl) diester by DCC-coupling. This compound was then analyzed by HPLC using a chiral 
column. The absolute configuration of 111 is based on assuming an analogous pathway of the 
anhydride opening as for the other substrates.  
 
Mp: 106-110 ˚C. 
Optical rotation: [α] 25D
 
= +5.2 (c = 8.79, CDCl3).  
ee: 76% (Chiralcel OD-H column, 90/10 heptane/2-propanol, 0.5 mL/min, 15.0 min, 17.9 min 
major).  
1H-NMR (300 MHz, CDCl3): δ = 1.72 (1 H, J = 8.9 Hz, d), 1.86 (1 H, J = 9.1 Hz, d), 3.40 (3 H, 
s), 3.41-3.53 (2 H, m), 3.61 (2 H, br s), 7.05-7.19 (2 H, m), 7.23 (1 H, J = 6.2 Hz, d), 7.29 (1 H, J = 
6.9 Hz, d), 9.95 (1 H, br s).  
13C-NMR (75 MHz, CDCl3): δ = 47.2, 47.3, 47.6, 47.7, 49.6, 51.2, 123.0, 123.3, 126.0, 126.2, 
143.4, 143.9, 171.7, 177.3.  
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IR (KBr): ν = 3315, 3026, 2977, 2955, 1745, 1465, 1435, 1357, 1335, 1240, 1181, 1051, 763 
cm−1.  
MS (EI, DIP): m/z = 246 (M+, 37), 215 (9), 141 (18), 131 (79), 116 (100), 99 (10).  
Elementar analysis for C14H14O4  Calcd:  C, 68.28; H, 5.73.  
Found: C, 68.44; H, 5.46. 
 
5.4.3. (1S,2R)-cis-2-Methoxycarbonyl-cyclohex-4-ene-1-carboxylic acid (40b): 
 
 
 
The compound was synthesized according to GP-7a from anhydride 105 (152 mg, 1.0 mmol), 
MeOH (122 µL, 3.0 mmol) and amino alcohol (1R,2R)-93 as catalyst. affording the desired product: 
141.2 mg (77%), colourless solid.  
 
ee: 76% as determined by a chiral GC-analysis of the corresponding lactone:  Lipodex E, t1 = 79.0 
min, t2 = 79.5 min (major). 
1H-NMR (400 MHz, CDCl3): δ = 2.25-2.40 (2 H, m), 2.49-2.63 (2 H, m), 2.99-3.10 (2 H, m), 
3.67 (3 H, s), 5.65 (2 H, s).  
13C-NMR (100 MHz, CDCl3): δ = 25.5, 25.7, 39.4, 39.6, 51.9, 124.9, 125.0, 173.4, 179.6.  
All other analytical data is in accordance with the ones already published. 
 
5.4.4. (1S,2R)-cis-2-Methoxycarbonyl-4,5-dimethyl-cyclohex-4-ene-1-carboxylic acid (109):  
 
 
 
The compound was synthesized according to GP-7a from anhydride 107 (180.2 mg, 1.0 mmol), 
MeOH (122 µL, 3.0 eq) and amino alcohol (1R,2R)-93 as catalyst: 146.1 mg (69%), colourless 
solid. 
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ee: 76% as determined by a chiral GC-analysis of the corresponding lactone:  Lipodex E, t1 = 80.7 
min, t2 = 81.5 min (major). 
1H-NMR (400 MHz, CDCl3): δ = 1.62 (6 H, s), 2.20-2.32 (2 H, m), 2.41-2.55 (2 H, m), 2.96-
3.08 (2 H, m), 3.68 (3 H, s).  
13C-NMR (100 MHz, CDCl3): δ = 19.0, 31.7, 31.8, 40.2, 40.3, 51.9, 123.8, 123.9, 173.7, 179.3.  
All other analytical data is in accordance with the ones already published. 
 
5.4.5. (2S,3R)-3-endo-Benzyloxycarbonyl-bicyclo[2.2.1]-hept-5-ene-2-endo-carboxylic acid 
(32c):  
 
 
The compound was isolated according to GP-7b using anhydride 27 (164.0 mg, 1 mmol), benzyl 
alcohol (311 µL, 3.0 mmol) and amino alcohol (1R,2R)-93 as catalyst: 17 mg (69%), colourless 
solid. 
 
ee: 83% as determined by a chiral GC-analysis of the corresponding lactone:  Lipodex E, t1 = 84.4 
min, t2 = 84.9 min (major).  
1H-NMR (400 MHz, CDCl3): δ = 1.33 (1 H, J = 8.5 Hz, d), 1.49 (1 H, J = 1.7, 8.8 Hz, dt), 3.19 
(2 H, br s), 3.34 (2 H, br s), 5.02 (2 H, J = 12.3 Hz, AB-system), 6.23 (1 H, J = 3.0, 5.4 Hz, dd),  
6.30 (1 H, J = 2.7, 5.5 Hz, dd), 7.28-7.39 (5 H, m), 11.11 (1 H, br s).  
13C-NMR (100 MHz, CDCl3): δ = 46.1, 46.5, 48.1, 48.3, 48.7, 66.3, 127.9, 128.1, 128.3, 134.2, 
135.3, 135.7, 172.0, 178.5.  
All other analytical data is in accordance with the ones already published. 
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5.4.6. (1S,2R)-2-cis-Benzyloxycarbonyl-cyclohex-4-ene-1-carboxylic acid (106):  
 
 
 
The compound was isolated as a colourless solid according to GP-7b using anhydride 105 (152.0 
mg, 1 mmol), benzyl alcohol (311 µL, 3.0 mmol) and amino alcohol (1S,2S)-93 as catalyst: 223.8 
mg (86%), colourless solid. 
 
ee: 95% as determined by a chiral GC-analysis of the corresponding lactone:  Lipodex E, t1 = 79.0 
min, t2 = 79.5 min (major).  
1H-NMR (400 MHz, CDCl3): δ = 2.32-2.48 (2 H, m), 2.54-2.70 (2 H, m), 3.05-3.18 (2 H, m), 
5.16 (2 H, J = 12.4 Hz, AB-system), 5.65-5.78 (2 H, m), 7.27-7.41 (5 H, m), 11.46 (1 H, br s).  
13C-NMR (100 MHz, CDCl3): δ = 25.5, 25.7, 39.4, 39.5, 66.4, 124.9, 125.0, 127.8, 127.9, 128.2, 
135.6, 172.7, 179.5 .  
All other analytical data is in accordance with the ones already published. 
 
5.4.7. (1S,2R)-2-cis-Benzyloxycarbonyl-4,5-dimethyl-cyclohex-4-ene-1-carboxylic acid (108):  
 
 
 
The compound was isolated as a colourless solid according to GP-7b using anhydride 107 (180.0 
mg, 1 mmol), benzyl alcohol (311 µL, 3.0 mmol) and amino alcohol (1S,2S)-93 as catalyst: 187 mg 
(65%), colourless solid. 
 
ee: 79% as determined by a chiral GC-analysis of the corresponding lactone:  Lipodex E, t1 = 80.7 
min, t2 = 81.5 min (major).  
1H-NMR (300 MHz, CDCl3): δ = 1.60 (6 H, s), 2.27-2.30 (2 H, m), 2.44-2.55 (2 H, m), 3.03-
3.07 (2 H, m), 5.12 (2 H, J =12.4 Hz, AB-system), 7.25-7.37 (5 H, m),  9.80 (1 H, br s).  
13C-NMR (100 MHz, CDCl3): δ = 46.0, 46.5, 48.0, 48.2, 48.7, 51.4, 134.1, 135.4, 172.7, 178.4.  
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All other analytical data is in accordance with the ones already published. 
 
5.5. The asymmetric anhydride opening in ball mill 
 
5.5.1. (2R,3S)-3-endo-p-Methylbenzyloxycarbonyl-bicyclo[2.2.1]-hept-5-ene-2-endo-
carboxylic acid (128a): 
 
 
 
 
 The compound was synthesized according to GP-8 using the anhydride 27 (164.2 mg, 1.0 mmol), 
p-methyl benzyl alcohol (127, 122.2 mg, 1.0 mmol) and quinidine (357.0 mg, 1.1 mmol): 260.5 mg 
(91%), colourless oil. Using amino alcohol (1R,2R)-93 as catalyst (18 mg, 0.1 mmol): 261.1 mg 
(91%), colourless solid.257 
 
Optical rotation: [α] 25D   = +5.3 (c 2.68, CDCl3).  
ee: 61% and 20%, respectively, as determined by a chiral GC-analysis of the corresponding 
lactone: Lipodex E, t1 = 84.4 min, t2 = 84.9 min (major).  
1H NMR (400 MHz, CDCl3): δ = 1.33 (1 H, J = 8.5 Hz, d), 1.49 (1 H, J = 1.8, 8.5 Hz, dt), 2.35 
(3 H, s), 3.19 (2 H, J = 8.8 Hz, d), 3.30–3.36 (2 H, d), 4.98 (2 H, J = 12.4 Hz, AB-system), 6.23 (1 
H, J = 3.0, 5.5 Hz, dd), 6.30 (1 H, J = 3.0, 5.5 Hz, dd), 7.12–7.24 (4 H, m), 9.70 (1 H, br s).  
13C NMR (100 MHz, CDCl3): δ = 21.2, 46.1, 46.6, 48.1, 48.3, 48.7, 66.3, 128.3, 129.0, 132.7, 
134.2, 135.4, 137.7, 172.1, 178.3.  
IR (KBr): ν = 2974, 1730, 1676, 1519, 1330, 1294, 1191, 1043, 797 cm-1.  
MS (EI, DIP): m/z = 286 (M+, 4), 268 (4), 240 (3), 170 (4), 121 (3), 105 (100), 91 (4), 77 (4), 66 
(4).  
 
                                                
257
 The equivalent reaction in 5 mL of toluene gave only a yield of 33% (24 h), but the ee was higher though (compare 
the results in Chapter 3.1.3.) 
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Elementar analysis for C17H18O4  Calcd:  C, 71.31; H, 6.34.  
Found: C, 71.19; H, 6.29. 
 
5.5.2. (2R,3S)-3-endo-p-Nitrobenzyloxycarbonyl-bicyclo[2.2.1]-hept-5-ene-2-endo-carboxylic 
acid (133a):  
 
 
 
 
The compound was isolated according to GP-8 using anhydride 27 (164.2 mg, 1.0 mmol), p-nitro 
benzyl alcohol (129, 153 mg, 1.0 mmol) and quinidine (357 mg, 1.1 mmol): 279.2 mg (88%), 
yellowish solid.   
 
Mp:  decomposes.  
Optical rotation: [α] 25D  = –11.4 (c 3.70, CDCl3).  
ee: 40% as determined by a chiral GC-analysis of the corresponding lactone, see 5.5.1.  
1H NMR (400 MHz, CDCl3): δ = 1.36 (1 H, J = 8.5 Hz, d), 1.52 (1 H, J = 1.7, 8.8 Hz, dt), 3.20 
(2 H, br s), 3.31–3.39 (2 H, m), 5.10 (2 H, J = 13.3 Hz, AB-system), 6.19 (1 H, J = 2.7, 5.7 Hz, dd), 
6.28 (1 H, J = 3.0, 5.7 Hz, dd), 7.46 (2 H, J = 8.8 Hz, d), 8.19 (2 H, J = 8.8 Hz, d).  
13C NMR (100 MHz, CDCl3): δ = 46.3, 46.6, 48.1, 48.2, 48.9, 64.9, 123.6, 128.5, 134.4, 135.4, 
143.0, 147.5, 171.8, 177.9.  
IR (KBr): ν = 3076, 2983, 1703, 1602, 1515, 1430, 1338, 1192, 842 cm-1.  
MS (EI, DIP): m/z = 317 (M+, 4), 284 (6), 256 (8), 252 (54), 137 (26), 136 (29), 119 (10), 91 
(13), 66 (100).  
Elementar analysis for C16H15NO6  Calcd:  C, 60.57; H, 4.77; N, 4.41.  
Found: C, 60.55; H, 4.42; N, 4.24. 
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5.5.3. (2R,3S)-3-endo-p-Methylthiobenzyloxycarbonyl-bicyclo-[2.2.1]-hept-5-ene-2-endo-
carboxylic acid (134a):  
 
 
 
 
The compound was isolated according to GP-8 using anhydride 27 (164 mg, 1.0 mmol), p-
methylthio benzyl alcohol (130, 154 mg, 1.0 mmol) and quinidine (357 mg, 1.1 mmol): 270.6 mg 
(85%), colourless oil.   
 
Optical rotation: [α] 25D   = +1.6 (c 4.18, CDCl3).  
ee: 55% as determined by a chiral GC-analysis of the corresponding lactone, see 5.5.1.  
1H NMR (300 MHz, CDCl3): δ = 1.32 (1 H, J = 8.7 Hz, d), 1.47 (1 H, J = 1.7, 8.7 Hz, dt), 2.45 
(3 H, s), 3.17 (2 H, br s), 3.30-3.34 (2 H, m), 4.95 (2 H, J = 12.2 Hz, AB-system), 6.21 (1 H, J = 
2.8, 5.6 Hz, dd), 6.28 (1 H, J = 2.9, 5.6 Hz, dd), 7.21 (4 H, s), 10.73 (1 H, br s).  
13C NMR (75 MHz, CDCl3): δ = 15.5, 46.0, 46.4, 48.0, 48.2, 48.6, 65.9, 126.3, 128.8, 132.4, 
134.2, 135.3, 138.4, 172.1, 178.5.  
IR (KBr): ν = 2976, 1718, 1177, 804 cm-1.  
MS (EI, DIP): m/z = 318 (M+, 17), 153 (4), 137 (100), 122 (6), 99 (2), 91 (3).  
Elementar analysis for C17H18O4S  Calcd:  C, 64.13; H, 5.70.  
Found: C, 63.84; H, 6.08. 
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5.5.4. (2R,3S)-3-endo-o-Bromobenzyloxycarbonyl-bicyclo[2.2.1]-hept-5-ene-2-endo-
carboxylic acid (135a):  
 
 
 
 
The compound was isolated according to GP-8 using anhydride 27 (164 mg, 1.0 mmol), o-bromo 
benzyl alcohol (131, 187 mg, 1.0 mmol) and quinidine (357 mg, 1.1 mmol): 323.1 mg (92%), 
colourless solid.   
 
Mp: 112 °C (en).  
Optical rotation: [α] 25D   = +0.4 (c 1.99, CDCl3).  
ee: 64% as determined by a chiral GC-analysis of the corresponding lactone, see 5.5.1.  
1H NMR (400 MHz, CDCl3): δ = 1.34 (1 H, J = 8.6 Hz, d), 1.49 (1 H, J = 1.6, 8.5 Hz, dt), 3.20 
(2 H, br s), 3.35 (2 H, J = 3.0, 8.1 Hz, dq), 5.10 (2 H, J = 12.9 Hz, AB-system), 6.23 (1 H, J = 2.8, 
5.5 Hz, dd), 6.29 (1 H, J = 3.0, 5.5 Hz, dd), 7.13–7.20 (1 H, m), 7.26-7.32 (1 H, m), 7.35-7.40 (1 H, 
m), 7.52-7.57 (1 H, m).  
13C NMR (100 MHz, CDCl3): δ = 46.3, 46.6, 48.1, 48.2, 48.8, 66.0, 123.4, 127.4, 129.5, 130.0, 
132.6, 134.5, 135.3, 171.8, 177.8.  
IR (KBr): ν = 3400, 2980, 1744, 1436, 1341, 1257, 1171, 1077, 1025, 754, 669 cm-1.  
MS (EI, DIP): m/z = 352/350 (M+, 5), 287/285 (21), 181 (18), 171/169 (100), 137 (24), 107 (13), 
90 (24), 66 (97).  
Elementar analysis for C16H15BrO4  Calcd:  C, 54.72; H, 4.31. 
    Found: C, 54.89; H, 4.46. 
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5.5.5. (2R,3S)-3-endo-Cinnamoyloxycarbonyl-bicyclo[2.2.1]-hept-5-ene-2-endo-carboxylic 
acid (136a):  
 
 
 
 
The compound was isolated according to GP-8 using anhydride 27 (164 mg, 1.0 mmol), cinnamyl 
alcohol (128, 133 mg, 1.0 mmol) and quinidine (357 mg, 1.1 mmol): 223.7 mg (75%), colourless 
oil.   
 
Optical rotation: [α] 25D   = +2.6 (c 1.66, CDCl3).  
ee: 50% as determined by a chiral GC-analysis of the corresponding lactone, see 5.5.1.  
1H NMR (300 MHz, CDCl3): δ = 1.24 (1 H, J = 8.7 Hz, d), 1.41 (1 H, J = 1.7, 8.6 Hz, dt), 3.03-
3.15 (2 H, m), 3.15-3.29 (2 H, m), 4.47-4.67 (2 H, m), 6.10–6.29 (3 H, m), 6.47-6.59 (1 H, m), 
7.13-7.38 (5 H, m), 10.19 (1 H, br s).  
13C NMR (75 MHz, CDCl3): δ = 46.1, 46.4, 48.0, 48.3, 48.7, 65.1, 123.2, 126.6, 127.8, 128.4, 
133.8, 134.4, 135.4, 136.2, 172.1, 178.6.  
IR (KBr): ν = 3852, 3743, 2361, 2339, 1696, 1550, 672 cm-1.  
MS (EI, DIP): m/z = 298 (M+, 3), 280 (2), 182 (3), 117 (100), 115 (14), 91 (8).  
Elementar analysis for C18H18O4  Calcd:  C, 72.47; H, 6.08.  
Found: C, 72.70; H, 5.96. 
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5.5.6. (2R,3S)-3-endo-isopropoxycarbonyl-bicyclo[2.2.1]-hept-5-ene-2-endo-carboxylic acid 
(137a):  
 
 
 
The compound was isolated according to GP-8 using anhydride 27 (164 mg, 1.0 mmol), isopropyl 
alcohol (76.6 µL, 1.0 mmol) and quinidine (357 mg, 1.0 mmol): 132.3 mg (59%), colourless solid.   
Mp: 87 °C (en).  
Optical rotation: [α] 25D   = –0.4 (c 2.24, CDCl3).  
ee: 13% as determined by a chiral GC-analysis of the corresponding lactone, see 5.5.1.  
1H NMR (300 MHz, CDCl3): δ = 1.13 (3 H, J = 6.4 Hz, d), 1.17 (3 H, J = 6.2 Hz, d), 1.29 (1 H, J 
= 8.7 Hz, d), 1.44 (1 H, J = 1.8, 8.6 Hz, dt), 3.10-3.18 (2 H, m), 3.18–3.32 (2 H, m), 4.89 (1 H, J = 
6.3 Hz, sept), 6.19 (1 H, J = 3.0, 5.4 Hz, dd), 6.26 (1 H, J = 3.0, 5.4 Hz, dd), 11.00 (1 H, br s).  
13C NMR (75 MHz, CDCl3): δ = 21.4, 21.7, 46.2, 46.5, 48.0, 48.6, 48.7, 67.8, 134.3, 135.3, 
171.7, 178.7.  
IR (KBr): ν = 2976, 2360, 1709, 1339, 1209, 1101, 909, 717 cm-1.  
MS (EI, DIP): m/z = 224 (M+, 1), 206 (1), 182 (2), 164 (15), 137 (12), 117 (33), 99 (20), 66 
(100).  
Elementar analysis for C12H16O4  Calcd:  C, 64.27; H, 7.19.  
Found: C, 64.23; H, 7.20. 
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5.5.7. (2R,3S)-3-endo-p-Methylbenzyloxycarbonyl-1,2,3,4-tetrahydro-1,4-methano-
naphthalene-2-carboxylic acid (141a):  
 
 
 
 
The compound was isolated according to GP-8 using anhydride 110 (214 mg, 1.0 mmol), p-
methyl benzyl alcohol (127, 122.1 mg, 1.0 mmol) and quinidine (357 mg, 1.1 mmol): 262.4 mg 
(78%), colourless oil.   
In order to determine the ee, the initial product was converted into the corresponding methyl(p-
methylbenzyl) diester by DCC-coupling. This compound was then analyzed by HPLC using a chiral 
column. The absolute configuration of 141a is based on assuming an analogous pathway of the 
anhydride opening as for the other substrates.  
 
Optical rotation: [α] 25D   = +14.8 (c 2.22, CDCl3).  
ee: 32% (Chiralcel OD-H column, 90/10 heptane/2-propanol, 0.5 mL/min, 15.0 min major, 17.9 
min minor).  
1H NMR (400 MHz, CDCl3): δ = 1.72 (1 H, J = 9.1 Hz, d), 1.86 (1 H, J = 1.5, 9.1 Hz, dt), 2.35 
(3 H, s), 3.44–3.49 (2 H, m), 3.62 (2 H, br s), 4.82 (2 H, J = 12.1 Hz, AB-system), 7.04–7.26 (8 H, 
m), 9.70 (1 H, br s).  
13C NMR (100 MHz, CDCl3): δ = 21.3, 47.46, 47.52, 47.65, 47.77, 49.8, 66.2, 123.1, 123.3, 
126.0, 126.1, 128.5, 129.0, 132.7, 137.7, 143.4, 143.7, 171.0, 176.6.  
IR (KBr): ν = 3742, 3017, 2975, 2355, 1720, 1520, 1175, 757 cm-1.  
MS (EI, DIP): m/z = 336 (M+, 36), 318 (5), 220 (11), 215 (17), 141 (19), 122 (22), 116 (49), 105 
(100), 91 (5).  
Elementar analysis for C21H20O4  Calcd:  C, 74.98; H, 5.99.  
Found: C, 74.64; H, 6.33. 
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5.5.8. (2R,3S)-3-exo-p-Methylbenzyloxycarbonyl-bicyclo[2.2.1]-hept-5-ene-2-exo-carboxylic 
acid (142a):  
 
 
 
 
The compound was isolated according to GP-8 using anhydride 138 (164 mg, 1.0 mmol), p-
methyl benzyl alcohol (127, 122.1 mg, 1.0 mmol) and quinidine (357 mg, 1.1 mmol): 254.8 mg 
(89%), colourless solid.   
 
Mp: 97-98 °C (en).  
Optical rotation: [α] 25D   = –10.7 (c 1.88, CDCl3).  
ee: 57% as determined by a chiral GC-analysis of the corresponding lactone: Lipodex E, t1 = 79.1 
min, t2 = 80.1 min (major).  
1H NMR (300 MHz, CDCl3): δ = 1.52 (1 H, J = 1.5, 9.1 Hz, dt), 2.16 (1 H, J = 8.9 Hz, d), 2.35 
(3 H, s), 2.62-2.73 (2 H, m), 3.09–3.19 (2 H, m), 5.05 (2 H, J = 12.1 Hz, AB-system), 6.18-6.27 (2 
H, m), 7.16 (2 H, J = 7.9 Hz, d), 7.24 (2 H, J = 8.1 Hz, d), 10.62 (1 H, br s).  
13C NMR (75 MHz, CDCl3): δ = 21.1, 45.3, 45.4, 45.7, 47.3, 47.4, 66.6, 128.4, 129.1, 132.6, 
137.8, 137.9, 138.0, 173.2, 179.8.  
IR (KBr): ν = 2977, 1730, 1436, 1334, 1258, 1173, 1023, 803, 716 cm-1.  
MS (EI, DIP): m/z = 286 (M+, 7), 268 (3), 240 (1), 165 (5), 122 (52), 105 (100), 91 (13), 77 (11), 
66 (20).  
Elementar analysis for C17H18O4  Calcd:  C, 71.31; H, 6.34.  
Found: C, 71.29; H, 6.22. 
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5.5.9. (1R,2S)-cis-2-p-Methylbenzyloxycarbonyl-cyclohexane-1-carboxylic acid (143a):  
 
 
 
 
The compound was isolated according to GP-8 using anhydride 35 (154 mg, 1.0 mmol), p-methyl 
benzyl alcohol (127, 122.1 mg, 1.0 mmol) and quinidine (357 mg, 1.1 mmol): 251.5 mg (91%), 
colourless oil.   
 
Optical rotation: [α] 25D  = +0.7 (c 1.65, CDCl3).  
ee: 26% as determined by a chiral GC-analysis of the corresponding lactone: Lipodex E, t1 = 75.9 
min (major), t2 = 76.9 min.  
1H NMR (400 MHz, CDCl3): δ = 1.34-1.62 (4 H, m), 1.72-1.84 (2 H, m), 1.98-2.12 (2 H, m), 
2.34 (3 H, s), 2.82–2.91 (2 H, m), 5.19 (2 H, J = 12.2 Hz, AB-system), 7.15 (2 H, J = 7.9 Hz, d), 
7.22 (2 H, J = 8.0 Hz, d).  
13C NMR (100 MHz, CDCl3): δ = 21.3, 23.7, 23.8, 26.1, 26.3, 42.48, 42.51, 66.3, 128.1, 129.0, 
132.9, 137.7, 173.2, 179.8.  
IR (KBr): ν = 2938, 2863, 1710, 1217, 1177, 733 cm-1.  
MS (EI, DIP): m/z = 276 (M+, 21), 248 (12), 230 (6), 186 (5), 155 (16), 122 (75), 121 (100), 105 
(76).  
Elementar analysis for C16H20O4  Calcd:  C, 69.54; H, 7.30.  
Found: C, 69.28; H, 7.52. 
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5.5.10. (1R,2S)-cis-2-p-Methylbenzyloxycarbonyl-cyclohex-4-ene-1-carboxylic acid (144a): 
 
 
 
  
 
The compound was isolated according to GP-8 using anhydride 105 (152 mg, 1.0 mmol), p-
methyl benzyl alcohol (127, 122.1 mg, 1.0 mmol) and quinidine (357 mg, 1.1 mmol): 246.9 mg 
(90%), colourless oil.   
 
Optical rotation: [α] 25D  = –0.7 (c 3.21, CDCl3).  
ee: 55% as determined by a chiral GC-analysis of the corresponding lactone: Lipodex E, t1 = 78.4 
min (major), t2 = 79.0 min.  
1H NMR (400 MHz, CDCl3): δ = 2.31-2.46 (5 H, m), 2.52-2.68 (2 H, m), 3.05-3.14 (2 H, m), 
5.10 (2 H, J = 12.1 Hz, AB-system), 5.64-5.73 (2 H, m), 7.15 (2 H, J = 8.0 Hz, d), 7.22 (2 H, J = 
8.2 Hz, d).  
13C NMR (100 MHz, CDCl3): δ = 21.2, 25.6, 25.8, 39.60, 39.62, 66.5, 124.9, 125.1, 128.1, 
129.0, 132.7, 137.8, 172.8, 179.4.  
IR (KBr): ν = 3850, 3748, 3681, 3428, 2949, 2364, 2343, 2224, 1700, 1548, 1181, 662 cm-1.  
MS (EI, DIP): m/z = 274 (M+, 4), 256 (3), 228 (3), 121 (5), 105 (100), 79 (7).  
Elementar analysis for C16H18O4  Calcd:  C, 70.06; H, 6.61.  
Found: C, 70.03; H, 6.71. 
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5.5.11. (1S,2R)-cis-2-p-Methylbenzyloxycarbonyl-3,3-dimethylcyclopropane-1-carboxylic 
acid (145a): 
 
 
 
 The compound was isolated according to GP-8 using anhydride 139 (140 mg, 1.0 mmol), p-
methyl benzyl alcohol (127, 122.1 mg, 1.0 mmol) and quinidine (357 mg, 1.1 mmol): 220.3 mg 
(84%), colourless oil.   
 
Optical rotation: [α] 25D   = +0.3 (c 2.16, CDCl3).  
ee: 46% as determined by a chiral GC-analysis of the corresponding lactone:  Lipodex E, t1 = 71.6 
min, t2 = 72.7 min (major).  
1H NMR (300 MHz, CDCl3): δ = 1.26 (3 H, s), 1.41 (3 H, s),  1.97 (2 H, s), 2.35 (3 H, s), 5.11 (2 
H, J = 12.1 Hz, AB-system), 7.17 (2 H, J = 8.2 Hz, d), 7.25 (2 H, J = 8.2 Hz, d), 9.79 (1 H, br s).  
13C NMR (75 MHz, CDCl3): δ = 15.3, 21.1, 27.3, 28.0, 32.8, 32.9, 67.0, 128.5, 129.2, 132.3, 
138.1, 170.4, 173.7.  
IR (KBr): ν = 2954, 2355, 1729, 1446, 1176, 1109, 808 cm-1.  
MS (EI, DIP): m/z = 262 (M+, 8), 162 (1), 141 (2), 121 (17), 113 (13), 105 (100), 77 (7).  
Elementar analysis for C15H18O4  Calcd:  C, 68.68; H, 6.92.  
Found: C, 68.70; H, 6.64. 
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5.5.12. (2S,3R)-endo-3-p-Methylbenzyloxycarbonyl-7-oxabicyclo[2.2.1]-hept-5-ene-2-endo-
carboxylic acid (206): 
 
 
 
 
 The compound was isolated according to GP-8 using endo-7-oxabicyclo[2.2.1]-hept-5-ene-2,3-
dicarboxylic acid anhydride (205) (166 mg, 1.0 mmol), p-methyl benzyl alcohol (127, 122.1 mg, 
1.0 mmol) and quinidine (357 mg, 1.1 mmol): 218.6 mg (76%), colourless solid.   
 
Mp: 106-107 °C 
Optical rotation: [α] 25D   =  –8.2 (c 2.72, CDCl3).  
ee: The enantiomeric excess could not be determined by the reported methods [a) direct 
conversion to lactone or b) synthesizing the methyl ester, followed by hydrogenation, followed by 
lactonization. The compound seemed to decompose in all cases]. 
1H NMR (400 MHz, CDCl3): δ = 2.33 (3 H, s), 2.80-2.90 (2 H, m), 4.97-5.05 (1 H, m), 5.10-5.17 
(1 H, m), 5.26 (1 H, s), 5.31 (1 H, s), 6.45 (2 H, s), 7.15 (2 H, J = 7.7 Hz, d), 7.23 (2 H, J = 7.9 Hz, 
d).  
13C NMR (100 MHz, CDCl3): δ = 21.3, 46.9, 47.3, 67.1, 80.4, 80.6, 128.5, 129.1, 132.3, 136.3, 
136.7, 138.0, 170.9, 176.7.  
IR (KBr): ν = 3016, 1737, 1676, 1322, 1288, 1202, 1044, 1007, 900, 801, 723 cm-1.  
MS (EI, DIP): m/z = 220 (M+-68 [furane], 5), 121 (100), 105 (58), 68 (32).  
Elementar analysis for C16H16O5  Calcd:  C, 66.66; H, 5.59.  
Found: C, 66.74; H, 5.71. 
 
 
 
 
COO
COOH
O
5. Experimental Section 
 139 
5.5.13. (2R,3S)-3-endo-Methoxycarbonyl-bicyclo[2.2.1]-hept-5-ene-2-endo-carboxylic acid 
(32b):  
 
 
 
The compound was isolated according to GP-8 using anhydride 27 (164 mg, 1.0 mmol), methanol 
(40.5 µL, 1.0 mmol) and quinidine (357 mg, 1.1 mmol): 151.1 mg (77%), colourless solid.  
 
ee: 15% as determined by a chiral GC-analysis of the corresponding lactone, see 5.5.1.  
1H-NMR (400 MHz, CDCl3): δ = 1.31 (1 H, J = 8.8 Hz, d), 1.46 (1 H, J = 8.5 Hz, d), 3.15 (2 H, 
J = 13.7 Hz, d), 3.21-3.35 (2 H, m), 3.56 (3 H, s), 6.15-6.21 (1 H, m),  6.25-6.33 (1 H, m) 10.96 (1 
H, br s).  
13C-NMR (100 MHz, CDCl3): δ = 46.0, 46.5, 48.0, 48.2, 48.7, 51.4, 134.1, 135.4, 172.7, 178.4.  
The analytical data is otherwise in accordance with the ones already published. 
 
5.6. The synthesis of α-amino acids in ball mill 
 
5.6.1. α-Amino-α-cyano-2-methylnaphthalene (149): 
 
 
 
 
To a clean, dry 45 mL ball milling vessel containing 60 zirconium oxide balls 2-naphthtalene 
aldehyde (99h, 312 mg, 2 mmol), NaCN (124 mg, 2.5 mmol, 1.25 eq) and NH4Cl (530 mg, 10 
mmol, 5 eq) were placed. The mixture was ball milled for 16 h (250 rpm for 25 min, then 5 min 
break; cycle is repeated until reaction complete). After the reaction, first CH2Cl2 and then Et2O is 
added and decanted from the solids. The organic fractions are concentrated in vacuo and the residue 
purified by column chromatography (Et2O) to yield the desired product: 162 mg (44%), orange 
solid.  
COOMe
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Mp: 106 ˚C. 
1H-NMR (400 MHz, CDCl3): δ = 1.97 (2 H, br s), 4.97 (1 H, s), 7.41-7.47 (2 H, m), 7.50 (1 H, J 
= 1.9, 8.5 Hz, dd), 7.73-7.84 (3 H, m), 7.92 (1 H, s).  
13C-NMR (100 MHz, CDCl3): δ = 47.4, 124.1, 125.6, 126.7, 126.7, 127.6, 128.0, 129.0, 132.9, 
133.2, 133.4.  
IR (KBr): ν = 3336, 2221, 1602, 1362, 1272, 1166, 1122, 1073, 953, 858, 821, 737, 478 cm−1.  
MS (EI, DIP): m/z = 182 (M+, 100), 166 (25), 154 (25), 128 (53).  
Elementar analysis for C12H10N2  Calcd:  C, 79.10; H, 5.53; N, 15.37.  
Found: C, 78.79; H, 5.57; N, 14.94. 
 
   5.6.2. α-Amino-α-cyano-4-methoxy toluene (146): 
 
 
 
To a clean, dry 45 mL ball milling vessel containing 60 zirconium oxide balls 4-methoxy 
benzaldehyde (99c, 243 µL, 2 mmol), NaCN (124 mg, 2.5 mmol, 1.25 eq) and NH4Cl (530 mg, 10 
mmol, 5 eq) were placed. The mixture was ball milled for 16 h (250 rpm for 25 min, then 5 min 
break; cycle is repeated until reaction complete). After the reaction, first CH2Cl2 and then Et2O is 
added and decanted from the solids. The organic fractions are concentrated in vacuo and the residue 
purified by column chromatography (Et2O) to yield the desired product: 135 mg (42%), yellow-
brown solid.  
 
Mp: 56-58 ˚C. 
1H-NMR (400 MHz, CDCl3): δ = 1.96 (2 H, br s), 3.79 (3 H, s), 4.82 (1 H, s), 6.90 (2 H, J = 8.8 
Hz, d), 7.41 (2 H, J = 8.2 Hz, d).  
13C-NMR (100 MHz, CDCl3): δ = 46.5, 55.2, 114.1, 121.0, 127.7, 128.3, 159.6.  
IR (KBr): ν = 3326, 3179, 2952, 2224, 1611, 1512, 1461, 1251, 1173, 1088, 1030, 966, 821, 593 
cm−1.  
MS (EI, DIP): m/z = 162 (M+, 100), 146 (75), 136 (53), 131 (55), 108 (22).  
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Elementar analysis for C9H10N2O  Calcd:  C, 66.65; H, 6.29; N, 16.10.  
Found: C, 66.88; H, 6.29; N, 16.24. 
 
  5.6.3. α-(2´-Naphthyl)glycine hydrochloride (150): 
 
 
 
In a clean 5 mL round-bottomed flask 149 (48 mg, 0.27 mmol) was heated together with 6 N HCl 
(1.3 mL) at 80 °C overnight. The mixture was cooled and the precipitated hydrochloride filtered and 
dried. NMR-analysis showed it to be the pure and the desired product: 48 mg (77%), slightly yellow 
solid.  
 
Mp: >250 ˚C (decomposes). 
1H-NMR (400 MHz, CDCl3): δ = 5.31 (1 H, br s), 7.53-7.61 (3 H, m), 7.88-7.96 (2 H, m), 7.99 
(1 H, J = 8.8 Hz, d), 8.05 (1 H, br s).  
13C-NMR (100 MHz, CDCl3): δ = 57.8, 125.5, 128.0, 128.3, 128.8, 129.1, 129.2, 130.3, 131.0, 
134.5, 135.0, 170.6.  
IR (KBr): ν = 2972, 2238, 1726, 1371, 1234, 1164, 963, 822, 748, 479 cm−1.  
MS (EI, DIP): m/z = 201 (M+- HCl, 9), 156 (100), 141 (6), 129 (42), 78 (10).  
Elementar analysis for C12H12NO2Cl  Calcd:  C, 60.64; H, 5.09; N, 5.89.  
Found: C, 60.79; H, 5.40; N, 5.94. 
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   5.6.4. α-(4-Methoxyphenyl)glycine hydrochloride (147): 
 
 
 
 
In a clean 5 mL round-bottomed flask 146 (38 mg, 0.23 mmol) was heated together with 6 N HCl 
(1.2 mL) at 80 °C overnight. The mixture was cooled and the precipitated hydrochloride filtered and 
dried. NMR-analysis showed it to be the pure and the desired product: 14 mg (27%), slightly orange 
solid.  
 
Mp: >220 ˚C (decomposes). 
1H-NMR (400 MHz, CDCl3): δ = 3.82 (3 H, s), 5.02 (1 H, br s), 7.02 (2 H, J = 8.8 Hz, d), 7.41 
(2 H, J = 8.8 Hz, d).  
13C-NMR (100 MHz, CDCl3): δ = 55.9, 57.2, 115.7, 125.6, 130.5, 162.2, 170.9.  
IR (KBr): ν = 2973, 2249, 1726, 1614, 1521, 1262, 1182, 1029, 833, 560 cm−1.  
MS (EI, DIP): m/z = 181 (M+-HCl, 3), 156 (1), 136 (100), 109 (20), 94 (10).  
Elementar analysis for C9H12NO3Cl  Calcd:  C, 49.67; H, 5.56; N, 6.44.  
Found: C, 50.02; H, 5.73; N, 6.24. 
 
5.7. Synthesis of β-amino thiols 
 
5.7.1. (1R,2R)-trans-2-(N-tert-Butyloxycarbonyl)amino-1-cyclohexanol (157b): 
 
 
 
  
A mixture of amino alcohol (1R,2R)-90 (4.73 g, 41.06 mmol), di-tert-butyl dicarbonate (99%; 
9.05 g, 41.06 mmol, 1.0 eq) and Et3N (5.7 mL, 4.15 g, 41.06 mmol, 1.0 eq) in dry dichloromethane 
(50 mL) was stirred at rt overnight. The reaction mixture was concentrated in vacuo and the residue 
COOH
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was purified by flash column chromatography (diethyl ether) affording the title compound: 8.40 g 
(95%); colourless solid.  
 
Mp: 110 °C.  
Optical rotation: [α] 25D
 
= +3.3 (c = 2.85, CHCl3).  
1H-NMR (400 MHz, CDCl3): δ = 1.10-1.41 (4 H, m), 1.45 (9 H, s), 1.65-1.74 (2 H, m), 2.01 (2 
H, J = 14.3 Hz, t), 3.30 (2 H, s), 3.51 (1 H, br s), 4.87 (1 H, br s).  
13C-NMR (100 MHz, CDCl3): δ = 24.1, 24.7, 28.3, 31.7, 34.1, 75.0, 79.7, 156.9.  
IR (KBr): ν = 3398, 3277, 2981, 2929, 1677, 1551, 1304, 1244, 1183, 1072, 1018 cm−1.  
MS (EI, DIP): m/z = 158 (21), 142 (16), 115 (10), 114 (25), 98 (100), 96 (18), 81 (13).  
Elementar analysis for C11H21NO3  Calcd:  C, 61.37; H, 9.83; N, 6.51.  
Found: C, 61.29; H, 10.14; N, 6.33. 
 
5.7.2. (1R,2R)-trans-2-(N-tert-Butyloxycarbonyl)amino-cyclohexyl-1-mesylate (158b):  
 
 
 
To a stirred solution of alcohol (1R,2R)-157b (1.09 g, 5.07 mmol) and Et3N (1.4 mL, 1.03 g, 
10.14 mmol, 2.0 eq) in 10 mL of dry dichloromethane at 0 °C methanesulfonyl chloride (430 µL, 
0.64 g, 5.56 mmol, 1.1 eq), dissolved in dichloromethane (1 mL), was added dropwise. Stirring at 0 
°C was continued for 30 min, then the reaction mixture was allowed to warm to rt and stirred for 
further 2 h. Subsequently, the mixture was diluted with dichloromethane (10 mL), washed with 0.1 
N HCl until pH <7, then the organic phase was washed with sat. aq NaHCO3 (10 mL), and dried 
over MgSO4. The solvent was evaporated under reduced pressure and the residue was purified by 
flash column chromatography (diethyl ether/pentane/Et3N, 3:1:0.2) providing the mesylate: 1.40 g 
(94%); colourless solid.  
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Mp: 119 °C.  
Optical rotation: [α] 25D
 
= −10.1 (c = 3.04, CHCl3).  
1H-NMR (400 MHz, CDCl3): δ = 1.27-1.36 (3 H, m), 1.44 (9 H, s), 1.59-1.71 (2 H, m), 1.75-
1.82 (1 H, m), 2.04-2.12 (1 H, m), 2.16-2.23 (1 H, m), 3.03 (3 H, s), 3.60 (1 H, br s), 4.44 (1 H, J = 
4.4, 9.9 Hz, dq) 4.80 (1 H, d, J = 8.5 Hz).  
13C-NMR (100 MHz, CDCl3): δ = 23.7, 23.9, 28.4, 31.9, 32.2, 38.5, 53.0, 79.6, 82.5, 155.4.  
IR (KBr): ν = 3364, 2944, 1686, 1536, 1328, 1165, 944 cm−1.  
MS (EI, DIP): m/z = 293 (M+, 4), 237 (18), 220 (6), 197 (4), 158 (17), 142 (10), 141 (11), 124 
(10), 114 (100), 96 (12), 81 (20).  
HRMS for C12H23NO5S   Calcd:  293.1297.  
Found: 293.1297. 
 
5.7.3. (1R,2S)-cis-2-(N-tert-Butyloxycarbonyl)amino-cyclohexyl-1-thioacetate (162):  
 
 
 
In a 100 mL round-bottomed flask (1R,2R)-158b (3.18 g,10.80 mmol) was dissolved in 50 mL of 
dry DMF. Potassium thioacetate (3.70 g, 32.41 mmol, 3.0 eq) was added and the solution was 
heated at 80 °C overnight. DMF was evaporated and to the solid residue CH2Cl2 (100 mL) and sat. 
aq NH4Cl-solution (30 mL) were added. The aqueous phase was extracted three times with CH2Cl2. 
The organic phases were combined, washed with brine and dried (MgSO4). Evaporation of the 
solvent under reduced pressure led to a dark brown residue, which was purified by column 
chromatography (CH2Cl2) to give the desired product: 2.75 g (93%); light brown solid.  
 
Mp: 110 °C.  
Optical rotation: [α] 25D
 
= +4.1 (c = 2.24, CDCl3).  
1H-NMR (300 MHz, CDCl3): δ = 1.20-1.40 (3 H, m), 1.44 (9 H, s), 1.50-1.60 (1 H, m), 1.60-
1.70 (1 H, m), 1.73-1.80 (3 H, m), 2.35 (3 H, s), 3.83 (1 H, br s), 4.06 (1 H, J = 4.2, 7.9 Hz, q), 4.70 
(1 H, br s).  
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13C-NMR (75 MHz, CDCl3): δ = 22.4, 23.8, 28.3, 30.3, 30.9, 31.1, 46.7, 50.5, 79.2, 154.8, 194.1.  
IR (KBr): ν = 3363, 2980, 2931, 2861, 1691, 1514, 1446, 1355, 1249, 1174 cm−1.  
MS (EI, DIP): m/z = 273 (M+, 1), 217 (14), 197 (49), 173 (9), 158 (31), 155 (46), 141 (37), 130 
(28), 114 (29), 97 (36), 57 (100). 
Elementar analysis for C13H23NO3S  Calcd:  C, 57.11; H, 8.48; N, 5.12.  
Found: C, 56.81; H, 8.59; N, 5.00.  
 
5.7.4. (1R,2S)-cis-2-(N-tert-Butyloxycarbonyl)amino-cyclohexyl-1-thiol (168): 
 
 
 
 To a suspension of LiAlH4 (512 mg, 13.5 mmol, 3.0 equiv) in 20 mL of Et2O at 0 °C a solution 
of (1R,2S)-162 (1.23 g, 4.5 mmol) in Et2O (45 mL) was added dropwise. After the addition, the 
icebath was removed and the mixture stirred at rt for one hour. After the reaction was complete 
(TLC), 1.2 mL of 2 N NaOH was added dropwise to the solution at 0 °C. The mixture was filtered, 
water was added and the mixture was extracted three times with Et2O. The organic fractions were 
combined, dried (MgSO4), filtered and the solvent was evaporated in vacuo to yield the desired 
producy: 677 mg (65%), colourless oil. The product was used further without purification.  
 
Or: The compound 162 (100 mg, 0.37 mmol) was stirred overnight in MeCN (5 mL) with 
benzylamine (1.0 eq). The solids were filtered and the mixture concentrated in vacuo. The residue 
was purified by column chromatography (Et2O) to yield the desired product: 57 mg (67%), 
colourless solid. 
 
Optical rotation: [α] 25D
 
= +14.7 (c = 1.90, CD3OD) 
1H-NMR (300 MHz, CDCl3): δ = 1.18-1.32 (1 H, m), 1.38 (9 H, s), 1.40-1.53 (4 H, m), 1.54-
1.63 (2 H, m), 1.71-1.82 (2 H, m), 3.36 (1 H, J = 3.9, 8.0 Hz, dd), 3.66 (1 H, br s), 4.81 (1 H, br s).  
13C-NMR (75 MHz, CDCl3): δ = 20.1, 24.4, 27.8, 28.5, 33.3, 42.2, 51.5, 79.4, 154.9.  
SH
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IR (KBr): ν = 3345, 2978, 2937, 2858, 1682, 1517, 1448, 1367, 1308, 1253, 1167, 1023 cm−1. 
MS (EI, DIP): m/z = 232 (M+, 1), 175 (41), 158 (12), 142 (2), 114 (100), 98 (7), 81 (19), 57 (65). 
Elementar analysis for C11H21NO2S  Calcd:  C, 57.10; H, 9.15; N, 6.06.  
Found: C, 57.20; H, 9.15; N, 5.80. 
 
5.7.5. (1R,2S)-cis-1-(S-Benzyl)sulfanyl-2-(N-tert-butyloxycarbonyl)amino-cyclohexane (175): 
 
 
 
To a suspension of the free thiol (1R,2S)-168 (450 mg, 1.95 mmol) and K2CO3 (538 mg, 3.90 
mmol, 2.0 eq) in MeCN (10 mL), benzyl bromide (280 µL, 2.33 mmol, 1.2 eq) was added 
dropwise. The mixture was refluxed for 8 h, after which the suspension was filtered. The filtrate 
was evaporated to dryness and 30 mL of CH2Cl2 were added. The organic phase was washed twice 
with water, dried with MgSO4 and evaporated. The residue was purified by column chromatography 
(CH2Cl2) to yield the desired product: 376 mg (60%); colourless solid.  
 
Mp: 103-106 °C.  
Optical rotation: [α] 25D
 
= −4.64 (c = 1.51, CHCl3).  
1H-NMR (300 MHz, CDCl3): δ = 1.24-1.44 (2 H, m), 1.45 (9 H, s), 1.47-1.80 (6 H, m), 1.54-
1.63 (2 H, m), 1.71-1.82 (2 H, m), 3.04 (1 H, br s), 3.36 (1 H, dd, J = 3.9, 8.0 Hz), 3.68-3.79 (3 H, 
m), 4.80-5.03 (1 H, br s), 7.21-7.40 (5 H, m).  
13C-NMR (75 MHz, CDCl3): δ = 21.4, 23.9, 28.3, 29.4, 31.1, 36.8, 48.4, 50.8, 79.0, 126.8, 128.3, 
128.6, 138.2, 154.9.  
IR (KBr): ν = 3370, 3085, 2967, 2929, 2855, 1685, 1512, 1446, 1362, 1307, 1251, 1169, 696 
cm−1.  
MS (EI, DIP): m/z = 321 (M+, 10), 265 (64), 220 (23), 204 (100), 174 (38), 113 (37), 91 (69), 57 
(65).  
Elementar analysis for C18H27NO2S  Calcd:  C, 67.25; H, 8.47; N, 4.36. 
    Found: C, 67.06; H, 8.70; N, 4.29. 
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5.7.6. (1R,2S)-cis-1-(S-Benzyl)sulfanyl-2-amino-cyclohexane (207):  
 
 
 
To a solution of (1R,2S)-175 (295 mg, 0.92 mmol) in dry CH2Cl2 (2 mL) were added at 0 °C 2 
mL of TFA. The icebath was removed and the mixture stirred at rt for 4 h. After the reaction was 
complete (TLC), the solvent was evaporated in vacuo. To the residue CH2Cl2 (10 mL) were added 
and 2 N NaOH was added carefully until pH = 9-14. The mixture was extracted three times with 
CH2Cl2. The extracts were combined, dried (MgSO4), and the solvent was evaporated to afford the 
desired product: 122 mg (60%), colourless oil. The product was used for the next step without 
further purification. 
 
Optical rotation: [α] 25D
 
= +1.50 (c = 1.73, CHCl3).  
1H-NMR (400 MHz, CDCl3): δ = 1.21-1.37 (2 H, m), 1.44-1.62 (7 H, m), 1.64-1.76 (1 H, m), 
2.78-2.85 (1 H, m), 2.91 (1 H, J = 5.5 Hz, q), 3.68/3.73 (2 H, J = 13.4 Hz, AB-system), 7.17-7.34 (5 
H, m).  
13C-NMR (100 MHz, CDCl3): δ = 22.2, 23.2, 29.4, 32.5, 36.0, 50.5, 50.7, 126.8, 128.3, 128.6, 
138.6.  
IR (KBr): ν = 2927, 2853, 1448, 702 cm−1.  
MS (EI, DIP): m/z = 221 (M+, 70), 204 (76), 130 (100), 113 (80), 99 (48), 91 (46), 79 (26), 56 
(26).  
Elementar analysis for C13H19NS  Calcd:  C, 70.53; H, 8.65; N, 6.33.  
Found: C, 70.06; H, 8.35; N, 6.70. 
 
 
 
 
 
 
S
NH2
5. Experimental Section 
 148 
5.7.7. (1R,2S)-cis-1-(S-Benzyl)sulfanyl-2-(N-benzyl)amino-cyclohexane (173): 
 
 
 
 
The title compound was synthesized according to a GP-10 from reaction of the amino thiol 
(1R,2S)-207 (120 mg, 0.54 mmol), MgSO4 (150 mg) in 4 mL of dry EtOH with benzaldehyde (55 
µL, 0.54 mmol, 1.0 eq). The residue was purified by column chromatography (Et2O) to yield the 
desired product: 101 mg (60%); colourless oil.  
 
Optical rotation: [α] 25D
 
= −0.21 (c = 1.65, CHCl3).  
1H-NMR (400 MHz, CDCl3): δ = 1.10-1.35 (2 H, m), 1.39-1.47 (2 H, m), 1.56-1.68 (2 H, m), 
1.70-1.79 (1 H, m), 1.94 (2 H, br s), 2.58-2.66 (1 H, m), 2.94-2.99 (1 H, m), 3.46-3.60 (4 H, m), 
7.12-7.30 (10 H, m).  
13C-NMR (100 MHz, CDCl3): δ = 23.2, 29.5, 29.7, 35.5, 47.6, 50.2, 55.9, 65.3, 126.7, 126.9, 
128.1, 128.3, 128.4, 128.9, 138.7, 140.6.  
IR (KBr): ν = 3060, 3026, 2928, 2853, 1493, 1452, 1125, 734, 700 cm−1.  
MS (EI, DIP): m/z = 311 (M+, 22), 220 (60), 189 (35), 146 (7), 113 (6), 106 (47), 91 (100), 65 
(7).  
HRMS for C20H25NS   Calcd:  311.1708.  
Found: 311.1708. 
 
5.7.8. (1S,2R)-cis-2-(N-Acetyl)-1-cyclohexane thiol (167): 
 
 
 
To a solution of (1S,2R)-162 (474 mg, 2.26 mmol) in MeCN (10 mL) was added Et3N (380 µL, 
2.70 mmol, 1.2 eq). The mixture was heated overnight at 70 ˚C. The mixture was cooled, filtered 
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and concentrated in vacuo. The residue was purified by column chromatography (Et2O -> EtOAc) 
to yield the desired product: 245 mg (63%), colourless solid.   
 
Mp: 67.0-69.5 ˚C. 
Optical rotation: [α] 25D
 
= +52.8 (c = 0.50, CDCl3).  
1H-NMR (400 MHz, CDCl3): δ = 1.23-1.37 (1 H, m), 1.38-1.68 (6 H, m), 1.78-1.86 (2 H, m), 
1.94 (3 H, m), 3.32-3.40 (1 H, m), 3.94-4.03 (1 H, m), 5.95 (1 H, s).  
13C-NMR (100 MHz, CDCl3): δ = 19.7, 23.4, 24.2, 27.2, 33.1, 41.7, 49.9, 168.9.  
IR (KBr): ν = 3274, 2934, 2855, 1638, 1549, 1443, 1375, 1306, 1284, 1127, 607 cm−1.  
MS (EI, DIP): m/z = 174 (M+, 1), 140 (3), 114 (99), 98 (22), 81 (72), 60 (100).  
Elementar analysis for C8H15NOS  Calcd:  C, 55.45; H, 8.73; N, 8.08.  
Found: C, 55.05; H, 8.64; N, 7.77.   
 
5.7.9. (1S,2R)-cis-1-(S-Benzyl)sulfanyl-2-(N-acetyl)amino-cyclohexane (208):  
 
 
 
 (1S,2R)-167 (100 mg, 0.58 mmol) was dissolved in MeCN (3 mL). K2CO3 (320 mg, 4 eq) and 
benzyl bromide (76 µL, 1.1 eq) were added and the mixture was heated at 80 ˚C overnight. The 
solids were filtered and solvent evaporated. The residue was purified by flash chromatography 
(EtOAc) to give the desired product: 130 mg (86%), colourless solid. 
 
Mp: 78 ˚C. 
Optical rotation: [α] 25D
 
= +100.9 (c = 1.63, CDCl3).  
1H-NMR (400 MHz, CDCl3): δ = 1.22-1.74 (8 H, m), 1.75 (3 H, s), 2.92 (1 H, J = 3.8 Hz, q), 
3.62 (2H, J = 13.7 Hz, AB-system), 3.87-3.99 (1 H, m), 5.75 (1 H, J = 8.0 Hz, d), 7.14-7.30 (5 H, 
m).  
NHCOCH3
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13C-NMR (100 MHz, CDCl3): δ = 21.2 23.4, 24.0, 29.3, 31.4, 36.8, 48.4, 49.4, 127.0, 128.4, 
128.6, 138.6, 168.8.  
IR (KBr): ν = 3315, 2938, 1650, 1533, 1370, 1124, 717, 694, 600 cm−1.  
MS (EI, DIP): m/z = 263 (M+, 4), 204 (100), 172 (19), 130 (11), 113 (17), 91 (50), 60 (26).  
Elementar analysis for C15H21NOS  Calcd:  C, 68.40; H, 8.04; N, 5.32.  
Found: C, 68.32; H, 7.89; N, 5.21. 
 
5.7.10. (1S,2R)-cis-1-(S-Benzyl)sulfanyl-2-(N-ethyl)amino-cyclohexane (182): 
 
 
 
 
(1S,2R)-212 (100 mg, 0.38 mmol) was dissolved in dry THF (3 mL). This solution was added 
dropwise to a slurry of LAH (43 mg, 3 eq) in THF (5 mL). The mixture was heated at 80 ˚C for 4 h 
after which TLC analysis showed the reaction to be complete. Excess LAH was destroyed by 
careful addition of water at 0 ˚C, after which the solids were filtered and washed repeatedly with 
CH2Cl2. The combined organic fractions were evaporated and dried in HV to yield the desired 
product in an analytically pure form: 92 mg (97%), slightly yellow oil. 
 
Mp: 78 ˚C. 
Optical rotation: [α] 25D
 
= +12.4 (c = 0.97, CDCl3).  
1H-NMR (400 MHz, CDCl3): δ = 1.02 (3 H, J = 7.1 Hz, t), 1.20-1.30 (1 H, m), 1.32-1.46 (2 H, 
m), 1.48-1.58 (2H, m), 1.60-1.76 (3 H, m), 1.77-1.87 (1 H, m), 2.32-2.50 (2 H, m), 2.64 (1 H, J = 
3.6, 9.7 Hz, dt), 3.03-3.09 (1 H, m), 3.67/3.74 (2 H, J = 13.3 Hz, AB-system), 7.19-7.35 (5 H, m).  
13C-NMR (100 MHz, CDCl3): δ =15.5, 22.5, 23.7, 29.7, 30.2, 35.9, 40.7, 47.9, 57.6, 126.8, 
128.3, 128.7, 138.8.  
IR (KBr): ν = 2929, 2854, 1449, 702 cm−1.  
MS (EI, DIP): m/z = 249 (M+, 35), 158 (100), 127 (50), 113 (19), 91 (24).  
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HRMS for C15H23NS   Calcd:  249.1551.  
Found: 249.1552. 
 
5.7.11. (1S,2R)-cis-2-Amino-cyclohexyl-1-thioacetate hydrochloride (209): 
 
 
 
Compound (1S,2R)-162 (3.0 g, 11 mmol) was placed in a round bottomed flask. Dioxane (7.5 
mL) and HCl (conc., 3.75 mL) were added and the mixture stirred at rt overnight. When the 
reaction was complete, the solvents were evaporated to leave a white oily residue. To the residue 
toluene (3 mL) was added and the toluene was evaporated. Et2O (5 mL) was added and evaporated. 
The white solid was washed twice with Et2O (5 mL), filtered and dried to yield the desired product: 
2.16 g (91%), colourless solid. 
 
Mp: 147.0-149.0 ˚C. 
Optical rotation: [α] 25D
 
= +4.6 (c = 0.95, CDCl3).  
1H-NMR (300 MHz, CDCl3): δ  = 1.28-2.14 (8 H, m), 2.43 (3 H, s), 3.61 (1 H, br s), 4.14 (1 H, J 
= 3.2 Hz, q), 8.26 (3 H, br s).  
13C-NMR (75 MHz, CDCl3): δ = 22.5, 23.1, 27.4, 30.2, 31.3, 43.7, 52.6, 194.9.  
IR (KBr): ν = 2927, 1701, 1576, 1509, 1353, 1137, 1116, 631 cm−1.  
MS (EI, DIP): m/z = 155 (1), 130 (30), 113 (44), 97 (100), 79 (25), 56 (82).  
Elementar analysis for C8H16ClNOS  Calcd:  C, 45.81; H, 7.69; N, 6.68.  
Found: C, 44.64; H, 7.79; N, 6.84. 
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5.7.12. (1S,2R)-cis-2-Amino-cyclohexane-1-thiol hydrochloride (178): 
 
 
 
The compound (1S,2R)-168 (207 mg, 0.89 mmol) was dissolved in a mixture of dioxane (3 mL) 
and conc. HCl (0.35 mL). The mixture was stirred overnight at rt after which it was evaporated to 
dryness in vacuo. Then toluene (2 mL) was added and the mixture was again evaporated to dryness. 
Et2O (3 mL) was added, the solid was filtered and dried in vacuo to give the desired product: 130 
mg (85%), colourless solid.  
 
Mp: >165.0 ˚C, decomposes. 
Optical rotation: [α] 25D
 
= +14.7 (c = 1.90, CD3OD).  
1H-NMR (400 MHz, CD3OD): δ = 1.32-1.45 (1 H, m), 1.47-1.61 (2 H, m), 1.69-1.79 (3 H, m), 
1.88-1.95 (2 H, m), 3.37-3.45 (1 H, m), 3.45-3.52 (1 H, m).  
13C-NMR (100 MHz, CD3OD): δ = 20.7, 24.4, 26.5, 33.7, 39.9, 53.8.  
IR (KBr): ν = 2936, 1573, 1507, 1369, 1016 cm−1.  
MS (EI, DIP): m/z = 131 (9), 114 (33), 98 (22), 56 (100).  
Elementar analysis for C6H14ClNS  Calcd:  C, 42.97; H, 8.41; N, 8.35.  
Found: C, 43.25; H, 8.11; N, 8.11. 
 
5.7.13. (1S,2R)-cis-(N-Benzyl)-2-amino-cyclohexane-1-thiol (180): 
 
 
 
 
The title compound was synthesized according to GP-10 from (1S,2R)-178 (100 mg, 0.60 mmol), 
Et3N (230 µL, 1.55 mmol, 2.5 eq) and benzaldehyde (105 µL, 0.90 mmol, 1.5 eq). After workup, 
the residue was found to consist of the title compound and the diastereomeric product 183. The 
H
N
SH
NH2HCl
SH
5. Experimental Section 
 153 
residue (70 mg) was added to a slurry of LAH (40 mg) in Et2O (3 mL) and stirred for 3 h. Water 
(0.5 mL) was carefully added at 0 ˚C and the mixture was filtered and washed with Et2O. 
Evaporation of solvent at reduced pressure afforded the desired product: 70 mg (53%), colourless 
oil. 
 
Optical rotation: [α] 25D
 
= −5.0 (c = 2.12, CDCl3).  
1H-NMR (400 MHz, CDCl3): δ = 1.19-1.35 (1 H, m), 1.37-1.47 (1 H, m), 1.50-1.77 (7 H, m), 
1.85-1.94 (1 H, m), 2.71 (1 H, J = 3.8, 9.0 Hz, dt), 3.49 (1 H, J = 3.8 Hz, q), 3.74/3.80 (2 H, J = 
13.0 Hz, AB-system), 7.24-7.28 (1 H, m), 7.30-7.37 (4 H, m).  
13C-NMR (100 MHz, CDCl3): δ = 21.4, 23.9, 27.8, 32.5, 41.7, 50.4, 57.6, 126.8, 128.0, 128.3, 
140.5.  
IR (KBr): ν = 2926, 2856, 1454, 729 cm−1.  
MS (EI, DIP): m/z = 221 (M+, 6), 188 (20), 146 (60), 133 (30), 106 (46), 91 (100).  
HRMS for C13H19NS - SH Calcd:  188.1439.  
Found: 188.1440. 
 
5.7.14. bis[(1S,2R)-cis-2-(N-Ethyl)-1-cyclohexyl] disulfide (184): 
 
 
 
 
To a slurry of LAH (160 mg, 4 mmol) in THF (6 mL) the thiol (1S,2R)-167 dissolved in 4 mL of 
THF was added dropwise at 0 °C. The mixture was heated at 80 °C overnight, after which the 
mixture was cooled to 0 °C. Approximately 1 mL of water was added carefully dropwise, until all 
the LAH was quenched. Then the mixture was filtered from solids and thoroughly washed with 
CH2Cl2 and diethyl ether. The organic fractions were combined and the solvent evaporated to give a 
mixture of (1S,2R)-181, that slowly oxidizes to 184. Purification by column chromatography 
(EtOAc): 142 mg (63%), colourless oil. 
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Optical rotation: [α] 25D
 
= −22.1 (c = 9.96, CDCl3).  
1H-NMR (400 MHz, CHCl3): δ = 1.07 (6 H, J = 7.1 Hz, t), 1.13-1.41 (6 H, m), 1.42-1.70 (10 H, 
m), 1.90-2.03 (2 H, m), 2.52-2.70 (4 H, m), 2.78-2.87 (2 H, m), 3.17-3.24 (2 H, m).  
13C-NMR (100 MHz, CHCl3): δ = 15.5, 22.9, 23.0, 29.4, 29.4, 41.0, 56.0, 57.1.  
IR (KBr): ν = 2929, 2855, 1452 cm−1.  
MS (EI, DIP): m/z = 317 (M+, 2), 191 (62), 159 (95), 158 (100), 126 (55), 113 (30), 79 (46).  
HRMS for C16H32N2S2   Calcd:  316.2007.  
Found: 316.2006. 
 
5.7.15. (1R,2S)-cis-2-(N-Isobutyl)amino-cyclohexyl-1-thioacetate (179):  
 
 
 
The title compound was synthesized according to GP-10 from (1R,2S)-178 (198 mg, 1.18 mmol), 
Et3N (166 µL, 1.18 mmol, 1.0 eq) and 2-methylpropanal (120 µL, 1.30 mmol, 1.1 eq). After 
workup, the residue was found to consist of the title compound and the diastereomeric sideproduct. 
The residue (173 mg) was added to a slurry of LAH (55 mg) in Et2O (3 mL) and stirred for 3 h. 
Water (0.5 mL) was carefully added at 0 ˚C and the mixture was filtered and washed with Et2O. 
Evaporation of solvent at reduced pressure afforded the desired product: 130 mg (58%), colourless 
oil. 
 
1H-NMR (300 MHz, CDCl3): δ = 0.91 (6 H, J = 6.7 Hz, d), 1.20-1.80 (10 H, m), 1.90-2.03 (1 H, 
m), 2.32-2.48 (2 H, m), 2.78-2.87 (1 H, m), 3.16-3.25 (1 H, m).  
13C-NMR (75 MHz, CDCl3): δ = 20.7, 20.9, 22.6, 23.3, 28.6, 29.2, 29.4, 55.0, 56.3, 57.0.  
MS (EI, DIP): m/z = 373 (dimer:M+, 15), 272 (5), 219 (64), 186 (100), 154 (30), 144 (22), 113 
(22). 
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5.8. The asymmetric transfer hydrogenation 
 
5.8.1. 1-Phenylethanol (177a):  
 
 
 
ee: Chiral GC-analysis, cyclodex β-I/P column, 140 kPa N2, 100 °C, t1 = 31.6 min (R)-isomer, t2 = 
34.9 min (S)-isomer. 
1H-NMR (400 MHz, CDCl3): δ = 1.41 (3 H, J = 6.6 Hz, d), 2.23 (1 H, s), 4.79 (1 H, J = 6.6 Hz, 
q), 7.17-7.32 (5 H, m).  
13C-NMR (100 MHz, CDCl3): δ = 25.1, 70.3, 125.2, 127.3, 128.3, 145.6.  
All other analytical data is in accordance with the ones already published. 
 
5.8.2. α-Tetralol (177j):  
 
 
 
ee: Chiral HPLC-analysis. Chiralcel ODH at rt, n-heptane:2-propanol = 99:1, 0.9 mL/min, 254 
nm, t1 = 15.7 min (S)-isomer, t2 = 17.7 min (R)-isomer. 
1H-NMR (300 MHz, CDCl3): δ = 1.70-2.08 (4 H, m), 2.31 (1 H, br s), 2.65-2.92 (2 H, m), 4.71-
4.79 (1 H, m), 7.08-7.16 (1 H, m), 7.17-7.27 (2 H, m),  7.39-7.48 (1 H, m).  
13C-NMR (75 MHz, CDCl3): δ = 18.7, 29.1, 32.1, 67.9, 126.0, 127.4, 128.6, 128.8, 137.0, 138.7.  
All other analytical data is in accordance with the ones already published. 
5.8.3. 1-(o-Methylphenyl)-ethanol (177d):  
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ee: GC-analysis, cyclodex β-I/P column, 160 kPa N2, 110 °C, t1 = 36.0 min (R)-isomer, t2 = 43.9 
min (S)-isomer. 
1H-NMR (300 MHz, CDCl3): δ = 1.55 (3 H, J = 6.4 Hz, d), 2.44 (3 H, s), 2.59 (1 H, s), 5.18 (1 
H, J = 6.4 Hz, q), 7.20-7.39 (3 H, m), 7.60 (1 H, J = 1.4, 7.4 Hz, dd).  
13C-NMR (75 MHz, CDCl3): δ = 18.8, 23.8, 66.5, 124.4, 126.2, 126.9, 130.2, 134.0, 143.8.  
All other analytical data is in accordance with the ones already published. 
 
5.8.4.  1-(p-Methylphenyl)ethanol (177c):  
 
 
 
ee: Chiral GC-analysis, cyclodex β-I/P column, 160 kPa N2, 100 °C, t1 = 43.8 min (R)-isomer, t2 = 
49.9 min (S)-isomer. 
1H-NMR (400 MHz, CDCl3): δ = 1.38 (3 H, J = 6.3 Hz, d), 2.27 (3 H, s), 4.74 (1 H, J = 6.3 Hz, 
q), 7.08 (2 H, J = 7.7 Hz, d), 7.17 (2 H, J = 8.2 Hz, d).  
13C-NMR (100 MHz, CDCl3): δ = 21.1, 25.1, 70.0, 125.2, 128.9, 136.8, 142.7.  
All other analytical data is in accordance with the ones already published. 
 
5.8.5. 1-Phenylpropanol (177b):  
 
 
 
ee: Chiral GC-analysis, cyclodex β-I/P column, 140 kPa N2, 100 °C, t1 = 56.7 min (R)-isomer, t2 = 
60.5 min (S)-isomer. 
1H-NMR (300 MHz, CDCl3): δ = 0.79 (3 H, J = 7.4 Hz, t), 1.53-1.78 (2 H, m),  2.23 (1 H, br s), 
4.44 (1 H, J = 6.6 Hz, t), 7.12-7.27 (5 H, m).  
13C-NMR (75 MHz, CDCl3): δ = 10.0, 31.8, 75.8, 125.9, 127.3, 128.3, 144.5.  
All other analytical data is in accordance with the ones already published. 
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5.8.6. 1-(p-Methoxyphenyl)ethanol (177e):  
 
 
 
 
ee: Chiral GC-analysis, cyclodex β-I/P column, 160 kPa N2, 110 °C, t1 = 80.1 min (R)-isomer, t2 = 
86.3 min (S)-isomer. 
1H-NMR (300 MHz, CDCl3): δ = 1.45 (3 H, J = 6.4 Hz, d), 2.41 (1 H, s), 3.78 (3 H, s), 4.80 (1 
H, J = 6.5 Hz, q), 6.86 (2 H, J = 8.6 Hz, d), 7.27 (2 H, J = 8.9 Hz, d).  
13C-NMR (75 MHz, CDCl3): δ = 24.9, 55.1, 69.7, 113.7, 126.5, 138.0, 158.7.  
All other analytical data is in accordance with the ones already published. 
 
5.8.7. 1-(2´-Naphthyl)-ethanol (177i):  
 
 
 
ee: Chiral HPLC-analysis, Chiralcel OJ at rt, n-heptane:2-propanol = 95:5, 0.7 mL/min, 254 nm, 
t1 = 35.8 min (S)-isomer, t2 = 45.1 min (R)-isomer. 
1H-NMR (300 MHz, CDCl3): δ = 1.59 (1 H, J = 6.4 Hz, d), 2.00 (1 H, br s), 5.06 (1 H, J = 6.5 
Hz, q), 7.43-7.54 (3 H, m), 7.78-7.88 (4 H, m).  
13C-NMR (75 MHz, CDCl3): δ = 25.1, 70.5, 123.8, 125.8, 126.1, 127.6, 127.9, 128.3, 132.9, 
133.3, 143.1.  
All other analytical data is in accordance with the ones already published. 
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5.8.8. 1-(1´-Naphthyl)ethanol (177h):  
 
 
 
 
ee: Chiral HPLC-analysis, Chiralcel OJ at rt, n-heptane:2-propanol = 95:5, 0.7 mL/min, 254 nm, 
t1 = 27.2 min (S)-isomer, t2 = 39.8 min (R)-isomer. 
1H-NMR (300 MHz, CDCl3): δ = 1.68 (3 H, J = 6.4 Hz, d), 1.98 (1 H, s), 5.67 (1 H, J = 6.4 Hz, 
q), 7.45-7.58 (3 H, m), 7.68 (1 H, J = 7.2 Hz, d), 7.79 (1 H, J = 8.2 Hz, d),  7.86-7.93 (1 H, m) 8.09-
8.16 (1 H, m).  
13C-NMR (75 MHz, CDCl3): δ = 24.4, 67.1, 122.0, 123.1, 125.5, 126.0, 127.9, 128.9, 130.2, 
133.8, 141.3.  
All other analytical data is in accordance with the ones already published. 
 
5.8.9. 1-(p-Chlorophenyl)ethanol (177f):  
 
 
 
ee: HPLC-analysis, Chiralcel OD at rt, n-heptane:2-propanol = 98:2, 1.0 mL/min, 254 nm, t1 = 
15.3 min (R)-isomer, t2 = 17.0 min (S)-isomer.258 
1H-NMR (300 MHz, CDCl3): δ = 1.38 (3 H, J = 6.4 Hz, d), 2.66 (1 H, s), 4.75 (1 H, J = 6.4 Hz, 
q), 7.17-7.27 (4 H, m).  
13C-NMR (75 MHz, CDCl3): δ = 25.1, 69.5, 126.7, 128.4, 132.9, 144.2.  
All other analytical data is in accordance with the ones already published. 
 
 
 
 
                                                
258
 Z. Dalicsek, F. Pollreisz, Á. Gömöry, T. Sóos Org. Lett. 2005, 7, 3243. 
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5.8.10. 1-(2´,4´-Dichlorophenyl)ethanol (175g): 
 
 
 
 
ee: HPLC-analysis, Chiralcel OD at rt, n-heptane:2-propanol = 98:2, 1.3 mL/min, 254 nm, t1 = 
9.4 min (R)-isomer, t2 = 10.0 min (S)-isomer.8 The literature conditions did not separate the 
enantiomers well enough, so new conditions were sought: Chiralcel OBH at rt, n-heptane:2-
propanol = 95:5, 0.5 mL/min, 210 nm, t1 = 13.4 min (R)-isomer, t2 = 14.5 min (S)-isomer. 
1H-NMR (300 MHz, CDCl3): δ = 1.42 (3 H, J = 6.4 Hz, d), 2.57 (1 H, s), 5.19 (1 H, J = 6.5 Hz, 
q), 7.24(1 H, J = 2.2, 6.2 Hz, dd), 7.31 (1 H, J = 2.0 Hz, d), 7.48 (1 H, J = 8.4 Hz, d).  
13C-NMR (75 MHz, CDCl3): δ = 23.5, 66.4, 127.3, 127.4, 129.0, 132.0, 133.3, 141.6.  
All other analytical data is in accordance with the ones already published. 
 
5.9. Other compounds synthesized 
 
5.9.1. (1R,2S)-cis-2-(5-N-Benzyl-1,1-dioxo-1-λ6-[1,2,5]thiadiazolidine)-1-(N-carboxylic acid 
methyl ester)-cyclohexane diamine (191): 
 
 
 
 
The enantiopure amino alcohol (1S,2S)-85 (940 mg, 4.6 mmol) was dissolved in dry THF (30 
mL). To this solution Burgess-reagent 190 (2.4 g, 10.12 mmol, 2.2 eq) was added and the solution 
was refluxed overnight. The solids were filtered and the solution concentrated in vacuo. The residue 
was purified by column chromatography (Et2O -> CH2Cl2 -> EtOAc) to yield the desired product: 
510 mg (34%), colourless solid. 
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Mp: 137-138 ˚C. 
Optical rotation: [α] 25D
 
= −30.3 (c = 2.30, CDCl3).  
1H-NMR (300 MHz, CDCl3): δ = 0.91-1.27 (3 H, m)1.42-1.72 (2 H, m), 1.74-2.00 (2 H, m), 
2.09-2.21 (1 H, m), 3.64 (1 H, J = 3.7 Hz, q), 3.91 (3 H, s), 4.05 (1 H, J = 5.2 Hz, quint), 4.52/3.95 
(2 H, J = 15.6 Hz, AB-system), 7.27-7.49 (5 H, m).  
13C-NMR (75 MHz, CDCl3): δ = 19.1, 22.4, 26.0, 26.9, 47.6, 54.2, 55.5, 56.2, 127.9, 128.4, 
128.5, 135.4, 150.8.  
IR (KBr): ν = 2953, 1733, 1445, 1323, 1157, 613 cm−1.  
MS (EI, DIP): m/z = 325 (M+, 6), 293 (3), 233 (54), 201 (19), 183 (14), 91 (100).  
Elementar analysis for C15H20N2O4S  Calcd:  C, 55.53; H, 6.22; N, 8.63.  
Found: C, 55.46; H, 6.07; N, 8.62. 
 
5.9.2. (1R,2S)-cis-2-(5-N-Benzyl-1,1-dioxo-1-λ6-[1,2,5]thiadiazolidine)-cyclohexane-1,2-
diamine (192): 
 
 
 
 
(1R,2S)-189 (300 mg, 0.92 mmol) was stirred in a mixture of THF (4 mL) and 2 M NaOH (4 mL) 
overnight. After the reaction was complete, water (20 mL) was added and the mixture was extracted 
with CH2Cl2 (2 x 20 mL). The organic fractions were combined, dried (MgSO4) and solvent was 
evaporated to yield the desired product: 238 mg (97%), colourless oil. 
 
Optical rotation: [α] 25D
 
= −21.5 (c = 0.88, CDCl3).  
1H-NMR (300 MHz, CDCl3): δ = 1.02-1.17 (1 H, m), 1.33-1.57 (3 H, m), 1.61-1.82 (4 H, m), 
1.90-2.03 (1 H, m), 3.35-3.45 (1 H, m), 4.25 (2 H, J = 5.7 Hz, d), 4.40 (1 H, J = 6.9 Hz, d), 7.28-
7.46 (5 H, m).  
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13C-NMR (75 MHz, CDCl3): δ = 20.5, 21.1, 25.6, 27.7, 47.3, 53.2, 59.6, 127.8, 128.4, 128.6, 
136.0.  
IR (KBr): ν = 3388, 3244, 2936, 2864, 1451, 1280, 1158, 1100, 1067, 762, 734, 521 cm−1.  
MS (EI, DIP): m/z = 266 (M+, 9), 201 (10), 175 (23), 146 (13), 133 (15), 125 (18), 91 (100).  
HRMS for C13H18N2O2S  Calcd:  266.1089.  
Found: 266.1089. 
 
5.9.3. (1R,2S)-cis-(2-N-Benzylamino)-cyclohexane-1-amine (193): 
 
 
 
A suspension of (1R,2S)-192 (75 mg, 0.28 mmol) in H2O (1 mL) and aqueous HBr (48%, 2 mL) 
was heated to 100 °C. At this temperature everything dissolves and the mixture is heated at this 
temperature overnight. The solution was cooled to room temperature, basified with 2 N NaOH and 
extracted with CH2Cl2 (3 x 10 mL) to furnish a brown oil, which was shown to be the desired 
product: 50 mg (87%), brown oil. The compound was identified according to its NMR and MS-
spectra. All other analytical data is in accordance with the ones already published.  
 
1H-NMR (300 MHz, CDCl3): δ = 1.16-1.68 (11 H, m), 2.60 (1 H, J = 3.7, 8.4 Hz, dt), 2.97-3.06 
(1 H, m), 3.73/3.80 (2H, J = 13.2 Hz, AB-system), 7.18-7.37 (5 H, m).  
13C-NMR (75 MHz, CDCl3): δ = 21.2, 22.8, 27.1, 31.1, 49.2, 51.1, 58.0, 126.7, 127.9, 128.2, 
140.9.  
MS (ESI): m/z = 205 (M + H+), 188 (100), 98 (23), 91 (10).  
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   5.9.4. trans-2-N-Ethylcarbamate-1-cyclohexanol (157c): 
 
 
 
The free amine rac-85 (2.0 g, 17.36 mmol) and Et3N (2.93 mL, 20.83 mmol, 1.2 eq) were 
dissolved in dry CH2Cl2 (20 mL). To this solution, ethyl chloroformate (1.74 mL, 18.23 mmol, 1.05 
eq) in CH2Cl2 (5 mL) was added dropwise at 0 ˚C. The mixture was warmed to rt and stirred 
overnight. The solution was made slightly acidic with 0.1 M HCl, and extracted with CH2Cl2 (3 x 
15 mL). The organic fractions were combined, dried (MgSO4) and concentrated under reduced 
pressure. The residue was purified by column chromatography (Et2O:pentane, 1:1) to afford the 
product: 1.47 g (45%), colourless solid. 
  
Mp: 87-88 ˚C. 
1H-NMR (300 MHz, CHCl3): δ = 1.06-1.38 (7 H, m), 1.62-1.75 (2 H, m), 1.92-2.08 (2 H, m), 
2.96-3.42 (3 H, m), 4.10 (2 H, J = 7.1 Hz, q), 4.83 (1 H, br s).  
13C-NMR (75 MHz, CHCl3): δ = 14.5, 24.0, 24.6, 31.8, 34.0, 56.9, 61.1, 74.9, 157.6.  
IR (KBr): ν = 3313, 2983, 2934, 2858, 1684, 1545, 1316, 1253, 1063 cm−1.  
MS (ESI): m/z = 188 (M + H+), 170 (100), 142 (11), 102 (2).  
Elementar analysis for C9H17NO3  Calcd:  C, 57.73; H, 9.15; N, 7.48.  
Found: C, 57.77; H, 9.04; N, 7.39. 
 
5.9.5. trans-1,2-([1´,2´,3´]Oxathiazole-2-S-oxo-3-N-carboxylic acid ethyl ester)-cyclohexane 
(187): 
 
 
 
To the compound rac-157c (653 mg, 3.5 mmol) and Et3N (1.13 mL, 8.0 mmol, 2.3 eq) in dry 
CH2Cl2 (20 mL) a solution of SOCl2 (267 µL, 3.8 mmol, 1.1 eq) in CH2Cl2 (5 mL) was added 
dropwise at 0 ˚C. The mixture was warmed to rt at stirred overnight. The solution was made slightly 
OH
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acidic with 0.1 M HCl and the mixture was extracted with CH2Cl2 (3 x 15 mL). The organic 
fractions were combined, dried (MgSO4) and concentrated under reduced pressure. The residue was 
purified by column chromatography (CH2Cl2) to give the desired product as a mixture of 
diastereomers (50:50): 472.3 mg (58%), colourless oil. The compound was identified by its MS-
spectra and used without further analytics. 
 
MS (DIP, EI): m/z = 233 (M+, 11), 185 (15), 140 (17), 128 (100), 56 (40).  
 
5.9.6. trans-1,2-([1´,2´,3´]Oxathiazole-2´,2´-S,S-dioxo-3-N-carboxylic acid ethyl ester)-
cyclohexane (188): 
 
 
 
 
To a solution of sulfamide rac-187 (233 mg, 1.0 mmol) in MeCN/H2O (2 mL/2 mL) was added at 
0 ˚C first NaIO4 (320 mg, 1.5 mmol, 1.5 eq) and then RuCl3 (1 mg). The mixture was warmed to rt 
and stirred for 5 h. Water (20 mL) was added and the mixture extracted with CH2Cl2 (2 x 20 mL). 
The organic fractions were combined, dried (MgSO4) and concentrated under reduced pressure. The 
residue was purified by column chromatography (CH2Cl2) to afford the desired product: 212 mg 
(85%), colourless solid. 
 
Mp: 51.5 ˚C. 
1H-NMR (400 MHz, CHCl3): δ = 1.34 (3 H, J = 7.1 Hz, t), 1.40-1.55 (3 H, m), 1.66-1.78 (1 H, 
m), 1.80-1.89 (1 H, m), 1.92-2.02 (1 H, m), 2.20-2.30 (1 H, m), 2.60-2.70 (1 H, m), 3.78 (1 H, J = 
3.6, 10.5 Hz, dt), 4.25-4.44 (3 H, m).  
13C-NMR (100 MHz, CHCl3): δ = 14.2, 23.2, 23.4, 27.9, 28.7, 63.9, 64.2, 83.9, 150.6.  
IR (KBr): ν = 2959, 1741, 1378, 1327, 1290, 1191, 1147, 1023, 987, 938, 870, 820, 763, 639, 
541 cm−1.  
MS (ESI): m/z = 250 (M + H+), 222 (24), 205 (3), 167 (100), 142 (3), 102 (2).  
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Elementar analysis for C9H15NO5S Calcd:  C, 43.36; H, 6.07; N, 5.62.  
Found: C, 43.72; H, 6.09; N, 5.46. 
 
   5.9.7. 3-Benzylsulfanyl cyclohexanone (113): 
 
 
 
 
The compound was synthesized according to GP-12, catalyzed by (1R,2R)-92. Concentration of 
the solution in vacuo and purification of the residue by column chromatography (Et2O:pentane, 1:3) 
yields the desired product: 164.7 mg (75%), colourless oil. 
 
   ee: racemic, [HPLC-analysis: Chiralcel AS at rt, n-heptane:2-propanol = 85:15, 0.7 mL/min, 210 
nm, t1 = 16.1 min, t2 = 21.6 min]. 
1H-NMR (300 MHz, CHCl3): δ = 1.59-1.78 (2 H, m), 2.03-2.15 (2 H, m), 2.27-2.43 (3 H, m), 
2.61-2.72 (1 H, m), 2.86-2.99 (1 H, m), 3.76 (2 H, s), 7.20-7.34 (5 H, m).  
13C-NMR (75 MHz, CHCl3): δ = 24.1, 31.3, 34.9, 40.9, 41.9, 47.8, 127.1, 128.6, 128.7, 137.9, 
208.7.  
IR (KBr): ν = 2942, 1713, 1448, 1225, 706 cm−1.  
MS (EI, DIP): m/z = 220 (M+, 16), 123 (26), 97 (46), 91 (100).  
Elementar analysis for C13H16OS  Calcd:  C, 70.87; H, 7.32.  
Found: C, 70.61; H, 7.15. 
 
 
 
 
 
 
S
O
5. Experimental Section 
 165 
5.9.8. Phenyl (3-phenyl-3-cyano-3-ethoxycarbonylpropyl) sulfone (116):  
 
 
 
The compound was synthesized according to GP-11, with quinidine as the catalyst (65 mg, 0.04 
mmol). Column chromatography afforded the desired product: 70.2 mg (98%), colourless oil. 
 
ee: racemic, [HPLC-analysis: Chiralcel OD at rt, n-heptane:2-propanol = 98:2, 1.0 mL/min, 230 
nm, t1 = 29.0 min, t2 = 31.1 min] 
1H-NMR (400 MHz, CDCl3): δ = 1.21 (3 H, J = 7.1 Hz, t), 2.56-2.75 (2 H, m), 3.03 (1 H, J = 
12.2, 4.0 Hz, td), 3.26 (1 H, J = 13.3, 4.7 Hz td), 4.15-4.29 (2 H, m), 7.37-7.46 (5 H, m), 7.55-7.62 
(2 H, m), 7.66-7.72 (1 H, m), 7.86-7.92 (2 H, m).  
13C-NMR (100 MHz, CDCl3): δ = 13.8, 30.9, 52.2, 52.4, 63.8, 117.0, 125.7, 127.9, 129.4, 129.5, 
132.5, 134.0, 138.3, 166.1.  
All the other analytical data was in accordance with the ones already published. 
 
 5.9.9. (1R,2S)-cis-2-(N-tert-Butyloxycarbonyl)amino-cyclohexyl-1-nitrile (203):  
 
 
 
In a 5 mL round-bottomed flask (1S,2S)-158b (50 mg, 0.17 mmol) was dissolved in 1 mL of dry 
DMF. Sodium cyanide (65 mg, 1.30 mmol, 7.8 eq) was added and the solution was heated at 70 °C 
overnight. To the reaction mixture EtOAc (20 mL) was added and washed with brine (2 x 10 mL) 
were added. The organic phase was separated and dried (MgSO4). Evaporation of the solvent under 
reduced pressure led to a yellow residue, which was purified by column chromatography (Et2O) to 
give the desired product: 0.36 g (94%); colourless solid.  
 
Mp: 124.5 °C.  
Optical rotation: [α] 25D
 
= +3.9 (c = 2.24, CDCl3).  
CN
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1H-NMR (400 MHz, CDCl3): δ = 1.12-1.40 (3 H, m), 1.42 (9 H, s), 1.55-1.75 (3 H, m), 1.89-
2.10 (2 H, m), 2.56 (1 H, br s), 3.64 (1 H, br s), 4.86 (1 H, br s).  
13C-NMR (100 MHz, CDCl3): δ = 23.7, 28.3, 28.4, 31.6, 34.7, 34.7, 50.5, 50.6, 79.7, 120.6, 
154.7.  
IR (KBr): ν = 3346, 2938, 2860, 2242, 1686, 1533, 1368, 1316, 1268, 1173, 1122, 1049, 643 
cm−1.  
MS (EI, DIP): m/z = 224 (M+, 12), 209 (3), 168 (22), 124 (33), 59 (39), 57 (92), 56 (100). 
Elementar analysis for C12H20N2O2  Calcd:  C, 64.26; H, 8.99; N, 12.49.  
Found: C, 64.01; H, 9.26; N, 12.36. 
 
5.9.10. rac-trans-2-(N-tert-Butyloxycarbonyl)amino-cyclohexyl-1-thiomethylate (159):  
 
 
 
In a 250 mL round-bottomed flask (1S,2S)-158b (4.00 g,13.63 mmol) was dissolved in 100 mL of 
dry DMF. Sodium thiomethylate (2.39 g, 34.08 mmol, 2.5 eq) was added and the solution was 
stirred at rt overnight. DMF was evaporated at reduced pressure and to the concentrated residue 
CH2Cl2 (100 mL) and sat. aq NH4Cl-solution (100 mL) were added. The aqueous phase was 
extracted three times with CH2Cl2 (30 mL). The organic phases were combined, washed with brine 
and dried (MgSO4). Evaporation of the solvent under reduced pressure led to a yellow residue, 
which was purified by column chromatography (Et2O) to give the desired product: 2.80 g (84%); 
colourless solid.  
 
Mp: 72.5 °C (rac).  
ee: The product was racemic according to chiral HPLC-analysis. First the compound was 
converted to its N-benzylated derivative 160 according to standard procedures [OD-H, 85/15 
heptane/2-propanol, 0.666 mL/min, t1 = 5.9 min, t2 = 7.8 min]  
1H-NMR (400 MHz, CDCl3): δ = 1.11-1.39 (3 H, m), 1.42 (9 H, s), 1.44-1.59 (1 H, m), 1.60-
1.76 (2 H, m), 2.03 (3 H, s), 2.05-2.10 (1 H, m), 2.12-2.22 (1 H, m), 2.35 (1 H, J = 3.8, 10.4 Hz, dt), 
3.30-3.41 (1 H, m), 4.68 (1 H, br s).  
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13C-NMR (100 MHz, CDCl3): δ = 12.1, 24.6, 25.6, 28.4, 32.2, 33.4, 49.5, 52.4, 79.1, 155.3.  
IR (KBr): ν = 3347, 2978, 2931, 2856, 1680, 1526, 1446, 1318, 1299, 1258, 1174, 1118, 1027 
cm−1.  
MS (EI, DIP): m/z = 245 (M+, 14), 190 (2), 172 (4), 128 (100), 81 (14), 57 (36). 
Elementar analysis for C12H23NO2S  Calcd:  C, 58.73; H, 9.45; N, 5.71.  
Found: C, 58.92; H, 9.42; N, 5.68. 
 
5.10. The asymmetric aryl transfer 
 
HPLC analysis of diarylmethanols 100a-d 
(4-Chlorophenyl)phenylmethanol (100a): HPLC-analysis, Chiralcel OB-H at rt, n-heptane:2-
propanol = 90:10, 0.5 mL/min, 230 nm, t1 = 25.7 min (R)-isomer, t2 = 33.6 min (S)-isomer. 
(4-Methylphenyl)phenylmethanol (100b): HPLC-analysis, Chiralcel OD at rt, n-heptane:2-
propanol = 98:2, 0.9 mL/min, 230 nm, t1 = 28.1 min (S)-isomer, t2 = 31.3 min (R)-isomer. 
(4-Methoxyphenyl)phenylmethanol (100c): HPLC-analysis, Chiralcel OJ at rt, n-heptane:2-
propanol = 90:10, 1.0 mL/min, 254 nm, t1 = 31.8 min (R)-isomer, t2 = 37.7 min (S)-isomer. 
(2-Bromophenyl)phenylmethanol (100d): HPLC-analysis, Chiralcel OD at rt, n-heptane:2-
propanol = 90:10, 0.8 mL/min, 254 nm, t1 = 11.6 min (R)-isomer, t2 = 14.9 min (S)-isomer. 
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6. Appendix 
 
6.1. List of Abbreviations 
 
[α]    specific optical rotation 
Ac    acetyl 
aq.    aqueous (solution) 
AQN    anthraquinone 
Ar    aromatic substituent 
BEMP PS-2-tert-butylimino-2-dimethylamino-1,3-
dimethylperhydro-1,3,2-diazaphosphorine 
BINAP    2,2'-bis(diphenylphosphino)-1,1'-binaphthyl 
BINOL    1,1'-bi-2-naphthol 
Bn    benzyl 
Boc    tbutoxycarbonyl 
br    broad (NMR signal) 
Bu    butyl 
iBu    iso-butyl 
tBu    tert-butyl 
Bz    benzoyl 
δ    chemical shift 
CBz    benzyloxycarbonyl 
COD    cyclooctadiene 
conc.    Concentrated 
d    doublet (NMR signal) 
DABCO    1,4-diazabicyclo[2.2.2]octane 
DCC    N,N’-dicyclohexylcarbodiimide 
DCM    dichloromethane 
DiMPEG    polyethyleneglycol dimethylether 
DHQ    dihydroquinyl 
DHQD    dihydroquinidinyl 
DIPEA    diisopropyl ethyl amine 
DMF    N,N-dimethylformamide 
DMSO    dimethylsulfoxide 
ee    enantiomeric excess 
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EI    electronic impact (in mass spectroscopy) 
eq    equivalents 
Et    ethyl 
eV    electronvolt 
GC    gas chromatography 
GHz    gigaherz 
h    hours 
cHex    cyclohexyl 
nHex    n-hexyl 
HFIPA    hexafluoroisopropylacetate 
HPLC    high performance liquid chromatography 
HRMS    high resolution mass spectroscopy 
HSVM    high speed vibrational mill(ing) 
Hz    herz 
IR    infrared spectroscopy 
J    coupling constant (in NMR spectroscopy) 
LAH    lithium aluminium hydride (LiAlH4) 
m    multiplet (NMR signal) 
M    molar 
MAO    methyl aluminium oxane 
Me    methyl 
min     minute 
mol    mole 
Mp    melting point 
Ms    methanesulfonyl (mesyl) 
MS    mass spectroscopy 
MW    microwaves 
N    normal (concentration) 
ν    wave number 
NMR    nuclear magnetic resonance (spectroscopy) 
PHAL    phthalazine 
ppm    parts per million 
iPr    iso-propyl 
nPr    n-propyl 
PYDZ    pyridazine 
PYR    diphenylpyrimidine 
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q    quartet (NMR signal) 
rac    racemic 
rt    room temperature 
s    singlet (NMR signal) 
sat.    saturated (solution) 
t    triplet (NMR signal) 
t    retention time 
TADDOL α,α,α’,α’-tetraaryl-1,3-dioxolane-4,5-
dimethanol 
TFA trifluoro acetic acid 
TMS trimethylsilyl 
THF    tetrahydrofurane 
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